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Oligoperoxides, H[OO(CH3)2C]nOOH, are formed as side products in the synthesis of 
the primary high explosive triacetone triperoxide (TATP).  Previous tandem mass 
spectrometry (MSn) experiments using a quadrupole ion trap reported that the open-
chained oligoperoxide adducts of ammonium or sodium resulted in different product 
ions in the mass spectra.  Dissociation mechanisms were previously proposed based on 
MSn experiments, where n>2; however, a dissociation pathway achieved by an MSn 
experiment, where n>2, may not necessarily be the same pathway achieved in an MS2 
experiment.  For this dissertation research, the collision induced dissociation pathways 
were investigated for the open-chained oligoperoxides in MS2 experiments utilizing a 
quadrupole ion trap.  Tandem mass spectral experiments were performed for the open-
chained oligoperoxides ranging from the trimer to the octamer (n=3-8), including both 
ammonium and sodium adducts.  The dissociation pathways were proposed as a result 
of two-dimensional correlation spectroscopy applied to the mass spectral data, which 
was referred to as two-dimensional correlation mass spectrometry (2D-CMS).  The 2D-
CMS method was first validated by analysis of simple and more complex kinetic models 
followed by simple and more complex molecules.  To further aid in the elucidation of the 
dissociation mechanisms, computational chemistry was performed for the optimization 
of stable precursor and product ion structures and calculations of their relative energies 
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CHAPTER 1 INTRODUCTION 
 
Triacetone triperoxide (TATP), also known as “Mother of Satan”, is a sensitive, primary 
high explosive1, 2 that has gained attention due to its inclusion in terrorist attacks 
including the “Shoe Bomber” incident with Richard Reid3 in 2001, the London 
bombings4-6 in 2005, and the “Underwear Bomber”4 on Christmas Day 2009.  
Instructions for manufacturing TATP are available online7, and the reagents required for 
the synthesis are readily available for purchase and difficult to regulate8, 9.  It is reported 
that side products are observed in the precipitate formed during TATP synthesis, and 
these side products correspond to oligomeric acetone carbonyl oxides,  
H[OO(CH3)2C]nOOH, further referred to as open-chained oligoperoxides
1, 10.  A series of 
tandem mass spectrometry (MSn) experiments using a quadrupole ion trap are reported 
on open-chained oligoperoxide adducts including both ammonium and sodium 
adducts10.  The type of product ions observed in the mass spectra are dependent on the 
adduct type.  For instance, collision induced dissociation (CID) of the ammonium adduct 
open-chained oligoperoxides results in spectra containing mass-to-charge (m/z) values 
equivalent to smaller open-chained oligoperoxides and cyclic oligoperoxide product ions 
while the sodium adducts result primarily in acyl-terminated product ions10.  Dissociation 
mechanisms are proposed based on MSn studies, where n>2.  For example, for the 
ammonium adduct open-chained oligoperoxides it is shown that each open-chained 
oligoperoxide could subsequently lose hydrogen peroxide to form its corresponding 
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cyclic structure.  This is reported for the open-chained oligoperoxide trimer 
[H(OOC(CH3)2)3OOH+Na]
+  with m/z 274 dissociating to form the cyclic trimer (TATP) 
with m/z 240.  The proposed dissociation mechanisms for the ammonium and sodium 
adducts of the open-chained oligoperoxides are supported by MSn experiments; 
however, it is known that the dissociation pathways achieved by MSn, where n>2, may 
not necessarily be equivalent to the dissociation pathways achieved by MS2 
experiments where only the precursor ion is resonantly excited11, 12.  This may result in 
proposed dissociation schemes that are not completely accurate for a tandem mass 
spectrometry (MS2) experiment.  In MS2 experiments, the primary product ion is no 
longer in resonance with the applied voltage and generally loses internal energy from 
collisions with the bath gas rather than being further activated13.  In order to view 
secondary product ions, the intermediate product ion formed must have excess internal 
energy to further dissociate to a secondary product ion13, 14.   
 
When a precursor ion dissociates to form two product ions, three different dissociation 
pathways are possible.  The first results in the formation of two primary product ions 
directly from the precursor ion via a parallel (or competitive) dissociation.  In the second 
pathway, a secondary product ion is formed from subsequent dissociation of a primary 
product ion via a consecutive (or sequential) dissociation.  The third pathway is a 
combination of the previous two where one of the product ions is considered to be both 
a primary and a secondary product ion.  This latter dissociation pathway is termed a 
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“mixed” dissociation route.  Techniques that are used to elucidate dissociation pathways 
in MS2 experiments include energy-resolved mass spectrometry involving the analysis 
of breakdown curves14-16 and double resonance11, 12, 17 or the similar technique of stored 
wave form inverse Fourier transform (SWIFT)15, 18-21.  Interpretation of the correlations of 
the data in breakdown curves shows that ions that increase and those that decrease in 
relative abundance by the same magnitude are related to one another, for instance 
primary product ions would decrease in intensity as they are forming secondary product 
ions which would increase in intensity16.  While some instances of determining 
dissociation pathways by using breakdown curves have been demonstrated, particularly 
for consecutive dissociations22, it may be difficult to interpret dissociation pathways 
when there are a large number of dissociation products with varying peak abundances, 
and it can be difficult to differentiate between primary and secondary product ions23.  An 
additional method that is based on breakdown curve data is the statistical test of 
equivalent pathways (STEP) method14-16.  The STEP method is based on a ratio of 
spectra collected at both a high energy and a low energy and utilizes the Dixon’s q-test 
for assigning a peak as a primary or secondary product ion14-16.  An advantage of the 
method is that it utilizes essentially only two points on a breakdown curve, thus reducing 
the data collection time; however, limitations of the method include the inability to 
identify product ions that result from a mixed dissociation which may be considered both 
primary and secondary product ions14.  Finally, fragile ions result in abnormally low 
STEP ratios which may adversely affect the results of Dixon’s q-test16.  Double 
resonance experiments may be performed in modified ion traps and consist of isolating 
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a precursor ion, performing CID to form product ions, and simultaneously ejecting a 
particular product ion to observe how the remaining product ions are affected14, 16.  If 
other product ions are no longer observed or decrease in intensity as a result of that 
particular product ion being resonantly ejected, then those missing or affected product 
ions originate from the ejected product ion.  Dissociation pathways of sodium and 
lithium adducts of β-gentiobiose are reported using quadrupole ion trap mass 
spectrometry utilizing tandem mass spectrometry, MSn, and double resonance 
experiments11.  The experiments demonstrate that dissociation pathways accessed for 
MS3, which utilizes two collisional activation steps, may not necessarily be those 
achieved by MS2 experiments that utilize a single collisional activation step11, 12 .  In an 
analysis of two particular product ions formed from the precursor ion, MS3 results show 
that one product ion may originate from the dissociation of the other product ion via a 
consecutive dissociation pathway; however, double resonance also reveals that at low 
CID energies both product ions may be formed directly from the precursor ion via 
parallel dissociations11, 12.  Therefore, the presence of both product ions in a mass 
spectrum does not necessarily determine how they were formed from the precursor ion.  
Double resonance is beneficial in that kinetic analyses may be performed resulting in 
rates of dissociation12, and the method is capable of identifying transient intermediates12 
where an intermediate ion dissociates before it may be detected.  While highly effective 
at revealing collision induced dissociation pathways, both the double resonance and 
SWIFT methods require specialized instrument modifications and tuning in order to 
apply the secondary waveform.   
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Another method that is reported for studying parallel and consecutive dissociations 
modeled in the form of Fourier transform infrared (FTIR) spectra involves the application 
of generalized two-dimensional correlation spectroscopy (2D-COS)24, 25.  2D-COS is a 
perturbation-based technique which has been applied to a variety of analytical 
techniques26, 27.  “The advantage of 2D correlation spectroscopy lies in the quantitative 
comparison of the patterns of spectral intensity variation induced by the applied 
perturbation”28.  Application of the 2D-COS technique results in both a synchronous and 
asynchronous spectrum, where the synchronous spectrum demonstrates “the overall 
similarity or coincidental trends between two separate intensity variations measured at 
different spectral variables”27 while the asynchronous demonstrates the “dissimilarity or 
out-of-phase character of the spectral intensity variations”27.  The application of 2D-COS 
with a variation of the global phase angle, called the coherence spectrum, allows for 
direct correlations between product ions to be made while canceling the variations in 
peak abundances23, which was demonstrated on computer-generated parallel and 
consecutive reactions of modeled infrared spectroscopy data24, 25.  One of the difficulties 
in interpreting mass spectral breakdown curves is the variations in the amplitudes23; 
therefore, the application of two-dimensional correlation spectroscopy is advantageous. 
 
This dissertation research demonstrates a method for elucidating the dissociation 
mechanisms of precursor ions achieved during MS2 experiments without instrument 
modification and includes studies of parallel, consecutive, and mixed dissociations.  
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This method applies generalized 2D-COS to mass spectral data, termed two-
dimensional correlation mass spectrometry (2D-CMS), in order to elucidate collision 
induced dissociation pathways.  In this dissertation research, the applied perturbation is 
either the CID energy or the amount of time that energy is applied, also known as the 
excitation (or activation) time.  2D-CMS analysis of mass spectral data resulting in 
coherence spectra and corresponding related waterfall plots will be presented and 
interpreted.  The 2D-CMS technique does not require any modification of 
instrumentation, very little sample is required, and the mathematical treatment of the 
data is straightforward.  This method is demonstrated by its application to simple and 
more complex, larger kinetic models and to experimental data collected from simple 
molecules.  The method is then applied to the tandem mass spectral (MS2) analysis of 
both ammonium and sodium adducts of open-chained oligoperoxides. 
 
To further aid in the elucidation of the collision induced dissociation mechanism, 
computational chemistry, utilizing density functional theory, is performed for the 
optimization of stable precursor and product ion structures, calculations of their relative 
energies, and adduct dissociation energies.  The proposed product ion structures are 
based on the products that would result from three different mechanisms which are 
proposed to occur based on mechanisms proposed in literature and as a result of 2D-
CMS interpretations.  Subsequent interpretation of the computational chemistry results 
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aids in elucidating the most probable collision induced dissociation pathways of open-




CHAPTER 2 BACKGROUND INFORMATION 
 
Before elucidation of dissociation mechanisms, a greater understanding of the analysis 
of oligoperoxides in the ion trap must be achieved by understanding a background on 
oligoperoxides, instrumentation, and techniques utilized in the experiments.  CHAPTER 
2 will discuss the background of the instrumentation (section 2.1) used for the analysis 
of simple molecules and oligoperoxides and further knowledge into the dissociation 
mechanics of molecules (section 2.2).  Background information of the oligoperoxides 
themselves will be discussed (section 2.3).  CHAPTER 2 will also present a background 
and explanation of the two-dimensional correlation spectroscopy technique (section 2.4) 
which was applied to the mass spectral data as well as an introduction to the 
computational chemistry methods utilized in this dissertation research (section 2.5).  All 
of this information is vital not only for determining the experimental parameters but also 





Gas-chromatography (GC) and liquid chromatography (LC) are two chromatographic 
techniques which separate components of a mixture, allowing the components to elute 
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from chromatography columns at varying retention times29.  The components are 
separated based on their individual affinities for the mobile and stationary phases.  The 
mobile phase may be composed of an inert gas such as helium in the case of GC, or a 
liquid phase in the case of LC, while the stationary phase is fixed in a column29, 30.  The 
chemical compositions of the stationary and mobile phases vary depending on the type 
of column used which is chosen based on the chemical properties of the analytes to be 
separated.  GC it used for the analysis of volatile analytes; while, LC is useful for the 
analysis of nonvolatile and thermally unstable analytes30.  Following separation, the 
components that elute from the chromatographic columns are then detected.   
 
A popular detection method utilized for both GC and LC analyses is a mass 
spectrometer, which may also be used for the analysis of samples without prior 
chromatographic separation.  A general schematic31 for a mass spectrometer is shown 
in Figure 2.1. 
 
 




Mass spectrometry (MS) is a technique that ionizes molecules and allows for the 
separation of ions based on their mass-to-charge ratio (m/z) followed by detection of the 
ions30.  Before a mass spectral analysis may be performed, the analytes must be both 
ionized and in the gas phase.  The ionization techniques applied in this research—
which include electron ionization (section 2.1.1.1) and electrospray ionization (section 
2.1.1.2)—will be discussed along with associated methods for converting the analytes to 
the gas phase.  There are several different types of mass spectrometers, for example 
time-of-flight (TOF), magnetic sector, linear quadrupole ion trap, quadrupole ion trap 
(QIT), triple quadrupole, and Fourier transform ion cyclotron resonance; however, the 
quadrupole ion trap mass spectrometer was utilized for the research presented in this 
dissertation and therefore will be discussed in detail in section 2.1.2.  Finally, detection 
of the ions are discussed (section 2.1.3) as well as the results output of a mass 
spectrometry experiment known as a mass spectrum (section 2.1.4). 
 
 
2.1.1 Ionization Techniques 
 
There are two main categories of ion sources:  gas-phase sources and desorption 
sources30.  The gas-phase sources are used for thermally stable compounds that have 
boiling points less than 500°C and generally have molecular weights less than 103 
dalton (Da)30.  These sources vaporize the sample then ionize the molecules; however, 
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if the sample is already in the vapor phase, for instance when the sample is vaporized 
by an injection port prior to reaching the ionization source, the ionization source will be 
used only to ionize the molecule.  Examples of gas-phase sources include electron 
ionization (EI), chemical ionization (CI), and field ionization (FI)30.  The EI source will be 
discussed further in section 2.1.1.1.  Desorption sources30 are used when samples are 
nonvolatile and/or thermally unstable and may be used to analyze analytes with much 
larger molecular weights up to 105 Da.  Desorption sources form gaseous ions directly 
from a solid or liquid phase.  Examples of desorption sources include:  field desorption 
(FD), electrospray ionization (ESI), atmospheric pressure chemical ionization (APCI), 
matrix-assisted desorption/ionization (MALDI), plasma desorption (PD), fast atom 
bombardment (FAB), secondary ion mass spectrometry (SIMS), and thermospray 
ionization (TS)30.  The ESI source will be discussed further in section 2.1.1.2.   
 
In addition to a source being classified as a gas-phase or desorption phase, it may 
additionally be classified as a hard or soft source30.  A hard source produces mass 
spectra that show many fragments with mass-to-charge ratios less than the molecular 
ion.  Extensive fragmentation is a result of a large amount of energy being imparted into 
the molecule which in turn excites the molecule, and the fragments are formed when the 
molecule relaxes and bonds are broken.  A soft ionization source results in little to no 
fragmentation as less energy is imparted into the analyte ion.  The EI source is an 
example of a hard source; whereas, the ESI source is an example of a soft source.  
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Mass spectra that result from soft sources may be used for determination of the 
molecular weight of an analyte, while hard sources may provide more structural 
information about the analyte30.   
 
 
2.1.1.1 Electron Ionization 
 
Before a molecule may be ionized using electron ionization (EI), it must first be in the 
gaseous phase.  When the sample is in the liquid form, it may be converted to the 
gaseous phase using an injector port as part of the sample inlet system, which is 
operated at a temperature high enough to vaporize the sample32.  In the case of a solid 
sample with low volatility or that is thermally liable, a direct insertion probe (DIP) may be 
used to sublimate the sample32.  For some of the simple molecules analyzed in the 
experiments discussed in this research, an injection port was used as the sample inlet 
system.  The injection port allowed for vaporization of liquid samples and also operated 
as a sample inlet for headspace injection of samples. 
 
In an EI source, a gaseous molecule is bombarded with a beam of electrons resulting in 
the ejection of an electron from the molecule and the formation of a radical cation30, 32.  




Figure 2.2:  Schematic of a typical electron ionization (EI) source  
Note:  Adapted from “Understanding mass spectra: a basic approach” (p. 5), by M.R. 
Smith, 2004, Hoboken, N.J:  Wiley Interscience.  Copyright 2004 John Wiley & Sons, 
Inc.  Adapted with permission. 
 
The electron beam is typically generated in the filament by thermionic emission of 
electrons off of a tungsten-rhenium alloy coil or narrow strip and is usually maintained at 
50-70 electron volts (eV) by accelerating the beam across the volume of the ion source 
and through a potential difference of 50-70 volts29, 30, 32, 34.  [Note:  The filament used in 
the ThermoFinnigan PolarisQ instrument, for the experiments discussed in this 
dissertation, consisted of a rhenium wire with the electron beam maintained at 70 eV.]  
Collimating magnets allow the beam to travel in a helical path which increases the 
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probability of molecule-electron interactions32, 34, and the beam is passed through an 
electron aperture and later collected at a metal plate with a positive electrical potential 
applied to it32.  A repeller, extractor plate, and ion focusing plate are used to guide the 
ions of desired polarity to the mass analyzer29.  The neutral gaseous analyte molecules 
enter the ionization chamber and pass through the beam of electrons29.  When the 
electron beam impacts the analyte molecule, an electron is lost from the molecule 
resulting in the formation of a radical cation, also known as the molecular ion30.  
Equation 2.1 shows the reaction where M corresponds to the analyte molecule and M•+ 
corresponds to the molecular ion30.   
                ( 2.1 ) 
The loss of an electron occurs from a nonbonding or bonding orbital of the molecule 
when sufficient energy is transferred quantum mechanically from the electron beam to 
the molecule which allows the ionization energy of the molecule to be overcome and an 
electron ejected32.  The ionization energy is the minimum amount of energy that is 
required to form an ion in its ground state by ejecting an electron from an atom or 
molecule that is in its electronic and vibrational ground state29.  Generally, ionization 
energies of organic molecules range from 5-15 electron-volts (eV) while the energy 
required for bond dissociations are typically even lower32.  In addition, recall that the 
electron beam is generally operated at 70 eV32; therefore, sufficient energy is supplied 
to the molecule to allow for ionization as well as fragmentation (see section 2.2).  The 
loss of an electron results in the weakening of bonds in the molecule, and a molecule 
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fragments when the internal energy imparted into the molecule during EI is high, which 
leads to both electronic and vibrational excitation of the ions which in turn results in 
relaxation of the ion in the form of fragmentation35.  Because of the high internal energy, 
the mass spectra resulting from EI normally has a large extent of fragmentation35, which 
reiterates why EI is a hard ionization technique.  The excess energy imparted during EI 
may also allow for additional ionization energies to be reached resulting in ions with 
multiple charges32.  Fragmentation of molecules will be further discussed in section 2.2.   
 
Despite the improved ionization using the helical beam path, ionization through the EI 
method is inefficient, and only a small fraction of the molecules are ionized29, 32.  The 
poor efficiency is a result of the combination of the small electron collision cross section 
and the long mean free paths of the electrons and molecules29.  A disadvantage of 
using EI is that some ions will completely dissociate so the molecular ion is not 
detected, which does not provide information about the molecular weight of the ion30.  
This is where a soft ionization technique would be beneficial.  In spite of this 
disadvantage, EI is advantageous in that it results in highly reproducible mass spectra 
when the electron beam is maintained between 60 and 80 eV.  This reproducibility is 
due to a plateau in the ionization efficiency curves for most molecules which is observed 
between 60 and 80 eV29.  The high reproducibility of the spectra, which has been 
observed to be independent of the type of instrumentation utilized, allow for intra- and 
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inter-laboratory spectral comparisons and the use of spectral databases and libraries29, 
35.   
 
 
2.1.1.2 Electrospray Ionization 
 
When a molecule is large, non-volatile, thermally unstable, and polar, electrospray 
ionization (ESI) may be used to form gaseous analyte ions29, 30, 35, 36.  In 2002, the Nobel 
Prize in chemistry was awarded to John B.  Fenn and Koichi Tanaka for their 
development of methods such as ESI and desorption ionization32.  In the ESI process, 
the sample analytes are converted to their ionic form in solution, often by varying the pH 
and/or forming adducts with charged species; therefore, polar solvents in which 
electrolytes are soluble are usually used for analyzing samples32, 36, 37.  The ionized 
sample is transformed from a liquid to an aerosol, followed by evaporation of the solvent 
molecules from the aerosol droplets to form gas-phase ions29, 32.  Since ionization 
occurs in solution, it is sometimes debated whether or not ESI is actually an ionization 
process; however, ESI is responsible for transforming the ionized samples from the 
liquid to the gas phase29.  The ESI process is generally considered to be comprised of 
three steps:  1) formation of an electrically charged aerosol spray at the electrospray 
capillary tip, 2) the reduction in size of aerosol droplets by solvent evaporation and 
droplet disintegrations, and 3) desolvation of the aerosol droplets to form gaseous 
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ions29, 38.  In the first step of the ESI process, the solvent containing the ions in solution 
is pumped into the electrospray interface and enters the metal spray capillary (typically 
0.2 mm outer diameter and 0.1 mm inner diameter and located 1-3 cm from the counter-
electrode), which in the instrumentation described for this dissertation research is a 
heated capillary37.  A potential is applied to the metal spray capillary to create an electric 
field which is dependent on the applied potential, radius of the capillary, counter-
electrode size, and distance from the capillary tip to the counter electrode37.  This 
electric field penetrates the solution at the capillary tip causing the positive and negative 
electrolyte ions in the solution to move “until a charge distribution results which 
counteracts the imposed field and leads to essentially field-free conditions inside the 
solution”37.  This movement of ions is demonstrated in Figure 2.3, which shows the ESI 
interface being operated in the positive mode, so the positive ions are pushed to the 




Figure 2.3:  Schematic of electrospray ionization process 
Note:  Adapted with permission from “From ions in solution to ions in the gas phase - 
the mechanism of electrospray mass spectrometry” by P. Kebarle and L. Tang, 1993, 
American Chemical Society, 65, p. 974.  Copyright 1993 American Chemical Society. 
 
A Taylor cone is formed when the surface tension of the liquid is overcome by the 
mutual repulsions of the positive ions at the meniscus, which is dependent on the 
surface tension of the solvent, the permittivity of the vacuum, and the radius of the 
capillary29, 37.  The Taylor cone was discovered by Zeleny and named for Taylor who 
first theoretically described the phenomenon29.  A pneumatically assisted ESI interface 
utilizes a sheath flow of an inert gas such as nitrogen to help aid in the formation of the 
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Taylor cone, particularly when higher flow rates are used29.  The ESI interface utilized 
for the presented research was pneumatically assisted with a flow of nitrogen sheath 
gas.  When the electric field is large enough, charged droplets are produced from the 
apex of the Taylor cone where the highest charge density is present29, 35, 37.  This 
aerosol of charged droplets then drifts toward the counter-electrode29, 37.  Along this 
path to the counter-electrode, the second and third steps in the ESI process occur 
which include the reduction in size of the aerosol droplets by solvent evaporation and 
droplet disintegration to form gaseous ions.  There are two disputed theories for how 
gaseous ions are formed, and these are termed the charged residue model (CRM, also 
referred to as the charged residue method or mechanism) and the ion evaporation 
model/method (IEM)39, 40.  The CRM was proposed by Dole and co-workers in 1968 and 
1970 and was elaborated upon by Röllgen et al.40.  The CRM was developed based on 
a theoretical paper published in 1882 by Lord Rayleigh (John Williams Strutts)39.  
Rayleigh proposed that when excess cations or anions were present in a droplet of 
volatile liquid with evaporating solvent that the repulsive forces between the ions would 
cause the ions to position themselves equidistant from one another at the surface of the 
droplet39.  As these ions are pushed closer together due to the continuous evaporation 
of the solvent, the repulsive forces of the ions exceed the surface tension of the droplet 
at a point referred to as the “Rayleigh limit”39.  Once the Rayleigh limit is reached, the 
droplet disintegrates into smaller droplets in turn providing a larger surface area for the 
ions of like-charge to occupy39.  These droplets then undergo the same process; this 
progression was observed and reported by Zeleny39.  Both the CRM and IEM theories 
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follow this repetition of solvent evaporation and droplet disintegration; however, the 
methods differ when it comes to how the individual gaseous phase ions are formed39.  
Figure 2.4 is a schematic of the two methods37-39. 
 
 
Figure 2.4:  Schematic of formation of gaseous ions in ESI  
Note:  Adapted from “Gas-phase ions of solute species from charged droplets of 
solution.”, by S. Nguyen and J.B. Fenn, 2007,  Proceedings of the National Academy of 
Sciences, 104, p. 1112.   Copyright 2007 National Academy of Sciences.  Adapted with 
permission. 
 
Dole et al. proposed in the CRM that this process would continue until the “ultimate 
droplet” was formed which would contain only one solute molecule39.  The solvent would 
then evaporate leaving a gas phase ion that contains some or all of the charges that 
were contained in the droplet39, 40.  The IEM proposed by Iribarne and Thomson in 1975 
proposed that the size of the aerosol droplet is decreased due to evaporation of the 
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solvent until the radius of the solvent droplet reaches a critical radius larger than the 
Rayleigh limit at which point a solvated ion is emitted directly from the droplet35, 39, 40.  It 
was proposed that this would occur due to the large charge density on the surface of 
the droplet which would “push” one of the ions out of the droplet to form a gaseous 
ion39, 40.  While these two methods are still debated, it is generally agreed that large 
globular protein ions are formed from CRM while small ions are predominately formed 
by IEM35, 39.  The gaseous phase ions drift to the counter electrode, in this case the 
heated capillary.  The heated capillary aids in the complete desolvation of the ions and 
acts as a nozzle for the supersonic expansion of the gaseous ions37.  The heated 
capillary in the presented dissertation research is 11.5 cm in length with an inner 
diameter of 400 µm and is typically maintained at 200°C; however, the temperature may 
be altered depending on the analyte37.  For the analysis of the oligoperoxides presented 
in this dissertation, the heated capillary was maintained at 80°C.  Following passage 
through the heated capillary, the ions are transferred to the mass analyzer which in for 
this dissertation research was a quadrupole ion trap.   
 
An added obstacle of any atmospheric pressure ionization technique, including ESI, is 
the transfer of the ions from atmospheric pressure, where ionization occurs, to a low 
pressure vacuum chamber where mass analysis is performed29, 37.  While this obstacle 
has been overcome by several companies who manufacture ESI-MS instrumentation, 
the specifics for the instrumentation used in this dissertation will be discussed.  Figure 
22 
 




Figure 2.5:  Schematic of Finnigan Corporation LCQ™ ESI-QIT-MS  
Note:  Adapted from “Electrospray and MALDI Mass Spectrometry” (p. 303), by R.B. 
Cole, 2010, Hoboken, N.J:  John Wiley & Sons, Inc.  Copyright 2010 John Wiley & 
Sons, Inc.  Adapted with permission. 
 
The instrumentation is divided into four pressure regions37, identified as P1 through P4.  
The first pressure region, P1, is at atmospheric pressure, and this is where the ESI 
process occurs.  As described above, an aerosol is sprayed from the stainless-steel ESI 
needle, and the droplets are passed through the heated capillary (see Figure 2.5).  The 
heated capillary is the gateway to the next pressure region, P2, shown in Figure 2.5.  
Pressure regions two through four are maintained using a differential pumping vacuum 
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system consisting of a rough pump and a dual-port turbomolecular pump29, 35, 37.  The 
pressure in the capillary-skimmer region and the foreline which connects the forepump 
and turbomolecular pump is measured using a convectron gauge, while an ion gauge is 
used to measure the pressure in the analyzer region36.  The second pressure region 
has a pressure of approximately one Torr which is where ions exit the heated capillary 
and are passed through the skimmer using a tube lens as a gating element37.  After 
passing through the skimmer, ions enter the third pressure region, P3, which is 
maintained at 1x10-3 Torr.  In this region, the ions enter the first octopole37, which acts 
as an ion guide.  The ions then pass through the first octopole to the interoctopole lens 
where the ions then enter the second octopole, which is in the fourth pressure region, 
P4, maintained at 2.4x10
-5 Torr37.  Each octopole is 5 cm in length with a radius of 3.3 
mm.  Octopoles are used since they are efficient at transmitting ions through relatively 
high pressure regions where ion scattering is common37.  The interoctopole lens serves 
three functions which include:  transmitting ions during the ion injection period, acting a 
conductance limit for differential pumping, and acting as a potential barrier against 
transmission of large, charged particles which are formed by the electrospray source37.  
The second octopole is positioned so the ions exit the octopole and directly enter the 
quadrupole ion trap mass detector37 which is further discussed in section 2.1.2.  After 
mass analysis, the ions exit the ion trap and are detected by the dynode-electron 




Samples are not required to be chromatographically separated prior to analysis by mass 
spectrometry.  In the LCQDuo™ instrument produced by ThermoFinnigan, the sample 
may be directly injected or infused into the atmospheric pressure ionization interface 
coupled to the mass spectrometer.  For the analysis of samples presented in this 
dissertation which utilized electrospray ionization, the sample was directly infused into 
the electrospray ionization interface where the sample was converted into the gaseous 
phase and directed into a quadrupole ion trap mass spectrometer.  Separation of the 
sample by liquid chromatography was not necessary since tandem mass spectrometry 
experiments were performed as the sample analysis, and each precursor ion was 
isolated prior to analysis.  [Note:  Tandem mass spectrometry experiments are 
described in section 2.1.2.2.] 
 
The ESI process and resulting mass spectra are dependent on several properties 
including the analyte concentration, solvent type, concentration and type of additives, 
flow rates, surface tension of the solvent, surface charge, droplet size, ion solvation 
strength, and solvent volatility36.  Transferring ions from the liquid to the gas phase is a 
highly endothermic and endoergic process, due to the interactions of the ions with the 
solvent molecules37.  Rather than supplying a localized amount of energy over a short 
period of time which would result in product ions with large internal energies and a high 
degree of fragmentation, as is the case with fast atom bombardment (FAB) ionization, 
the ESI method is a soft technique which desolvates a molecule gradually by thermal 
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energy at relatively low temperatures37.  ESI is a soft ionization technique since it results 
in the production of ions with low internal energies and therefore little fragmentation40.  
An advantage of a soft ionization technique is the ability to detect the molecular ion, 
providing information about the molecular weight of the analyte.  Another advantage is 
the ability to form multiply charged ions which allows for the analysis of molecules larger 
than those typically detected for singly charged ions, as ions are detected based on 
their mass-to-charge ratios29. 
 
A study was conducted by Bogusz et al.  who investigated the intra- and inter-laboratory 
reproducibility of mass spectra obtained using LC-MS utilizing two types of atmospheric 
pressure ionization interfaces41.  In addition to ESI, another atmospheric pressure 
ionization technique is atmospheric pressure chemical ionization (APCI).  The APCI 
method is also considered a soft ionization technique; however, it is not as soft as ESI.  
In APCI, a corona discharge is formed which creates reagent ions through a series of 
chemical reactions between the nitrogen sheath gas and solvent molecules36.  While 
this ionization method was initially investigated for the presented research, it was not 
used for reasons discussed below; therefore, details of this ionization technique will not 
be discussed.  The study conducted by Bogusz et al.  was performed using both ESI 
and APCI interfaces using two laboratories with identical instrumentation and an 
additional instrument that was slightly different41.  The analytes studied consisted of 
toxicologically relevant drugs of varying polarities.  Variations of the mobile phases were 
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also investigated.  The results showed that experiments performed utilizing identical 
instrumentation and conditions did not produce identical mass spectra, and the variation 
in the spectra differed even more significantly for the slightly different instrument41.  The 
variation in the mobile phase compositions were not shown to significantly affect the 
reproducibility of the mass spectra41.  Studies were also performed to ascertain The 
effects of time on the intra-laboratory mass spectral data procured41.  For both the ESI 
and APCI spectra, the short-term intra-laboratory results were considered to be 
satisfactory; however, in the long-term study the APCI spectra varied significantly41.  
Unlike EI, mass spectra produced from ESI and APCI cannot be used for inter-
laboratory comparisons; however, it may be possible to build a library of ESI spectra for 
intra-laboratory purposes41.  One of the reasons for poor reproducibility of atmospheric 
pressure ionization techniques is the transfer of the ions through regions of high-
pressure where the transfer may affect the internal energy of the ions35.  The poor long-
term reproducibility of APCI data was also observed during this dissertation research; 
therefore, despite preliminary APCI studies, only ESI data is included in this 
dissertation.  The instrumentation utilized for analysis of the presented research has an 
atmospheric pressure interface where both ESI and APCI attachments may be 
interchanged.  Both methods were initially used for the analysis of the oligoperoxides; 
however, poor long-term reproducibility of the APCI mass spectra and the inability to 
detect sodium adducts42-44 using the APCI interface resulted in analysis by only the ESI 




2.1.2 Quadrupole Ion Trap Mass Spectrometer 
 
The mass analyzer utilized in the presented research is a quadrupole ion trap (QIT) 
which may act as a device to store ions and as a mass spectrometer45-47.  In 1989, half 
of the Nobel Prize in Physics was awarded to both Wolfgang Paul (University of Bonn) 
and Hans G.  Dehmelt (University of Washington) “for the development of the ion trap 
technique”, while the other half was awarded to Norman F. Ramsey (Harvard 
University) for his invention of the oscillatory fields method37, 45, 46, 48.  The QIT has been 
described as an “electric field test-tube”47 which appropriately defines its ability to 
contain gas phase ions and reactions.  There are several advantages to using a QIT 
which include:  high sensitivity, high resolution, the ability to study ion-molecule 
reactions, and perform multiple mass spectrometry experiments49.  The QIT will be 
described in section 2.1.2.1 and tandem mass spectral experiments will further be 
described section 2.1.2.2. 
 
 
2.1.2.1 Description and Operations 
 
The QIT consists of three stainless steel electrodes—entrance end-cap, ring, and exit 
end-cap—with inner surfaces that are hyperbolic in shape34, 45, 49.  A schematic of a 
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cross-section of a QIT is shown in Figure 2.6 which illustrates the relative positions of 
the three electrodes to one another37, 38. 
 
 
Figure 2.6:  Schematic diagram for a cross-sectional view of a quadrupole ion trap 
Note:  Adapted from “Electrospray and MALDI Mass Spectrometry” (p. 276), by R.B. 
Cole, 2010, Hoboken, N.J:  John Wiley & Sons, Inc.  Copyright 2010 John Wiley & 
Sons, Inc.  Adapted with permission. 
 
The two end-cap electrodes have hyperbolic geometries that “resemble small inverted 
saucers”45.  The ring electrode is situated between the two end-cap electrodes and is 
separated from the end-cap electrodes by ceramic or quartz spacers which act as 
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insulation and allow for accurate distance between the electrodes34, 37.  The entrance 
end-cap electrode contains an aperture through which ions may enter the ion trap, while 
a hole in the exit end-cap electrode allow ions to travel out of the ion trap and to the 
detector (discussed further in Section 2.1.3)45, 46.  In Figure 2.6, the ions are shown to 
enter from the ESI source; however, another ion source, such as an EI or APCI source, 
may be used.  The radius of the ring electrode is given by r0 and the distance between 
the end-cap electrodes is represented by 2z0, where z0 is the distance from the center 
of the trap to one of the end-cap electrodes.  Originally, the ion trap was designed so 
that the relationship between the electrode distances was defined by the following 
equation:   
   
     
  ( 2.2 ) 
This relationship was considered to form an “ideal quadrupolar potential distribution”45, 46 
to allow for the trapping of ions; however, the trap geometry was altered to account for 
errors in the mass accuracy of early instrumentation, resulting in a “stretched” ion trap37, 
46, 47, 50.  For the LCQ and GCQ instruments47, 50 developed by Finnigan and utilized in 
the presented research, the geometries were stretched by approximately 57% where 
r0=0.707 cm and z0=0.785 cm.   
 
A small direct current (dc) offset is applied to the three electrodes during ion injection, 
where the applied offset is negative for capturing positive ions and positive for capturing 
negative ions37.  A pre-scan is performed which allows for determination of the 
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appropriate number of ions to be injected into the trap in order to avoid the injection of 
excessive ions leading to space charging effects37.  Space charging effects occur when 
the electrostatic fields from the injection of too many ions distorts the quadrupole ion 
trapping field resulting in loss of resolution, peak intensity, and inaccuracies in 
determining the mass-to-charge ratios of the ions37.  An ion trap can generally hold 
between 105-106 ions without the occurrence of space charging effects49.  Once an 
appropriate number of ions have been injected into the QIT, the ions are contained or 
“trapped” by a three-dimensional quadrupole field.  This field is produced by the 
application of an appropriate radio frequency (rf) voltage [Vrfcos(2πfrft)] of fixed 
frequency (frf) and varying amplitude (Vrf) to the ring electrode, while the end-cap 
electrodes are grounded34, 37, 51.  In a quadrupole trapping field, the force on an ion is 
linearly proportional to the distance of the ion from the center of the trap, so the further 
the ion moves from the center of the trap the greater the force it encounters, returning it 
to the center of the QIT34, 37, 49.  When the applied rf voltage is negative, the electric field 
has a hyperbolic paraboloid or saddle-shape where the motion of the ion is directed 
“downhill” in the z-direction and away from the center of the trap; however, when the 
voltage is positive, the field shape inverts resulting in the motion of the ion being 
directed toward the center of the trap and downhill in the r-direction49.  As long as the 
applied voltage is oscillated between positive and negative at an appropriate frequency, 
the quadrupole trapping field produced a “potential well” which will contain the ions 




Ion motion within the quadrupole trapping field is independent in each direction52.  The 
ion movement within the QIT may be defined based on second-order linear differential 
equations named for the French mathematician who determined the equations, 
Mathieu47.  The dimensionless Mathieu parameters, a and q, describe the stability of the 
ions in both the axial, z, and radial, r, directions as well as relate the mass-to-charge 
ratio of the ion, the ion trap dimensions, and the magnitudes and frequencies of the 
potentials that are applied to the QIT electrodes37, 47.  Recall that the quadrupole 
trapping field is not perfect due to the stretching of the geometry of the trap.  For this 
reason, the Mathieu equations have to take into account both the radial and axial 
positions.  The stability of the molecules in a three-dimensional quadrupole ion trap is 
defined according to the following Mathieu equations 2.3-2.6. 
    
   
 (        )  
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 (        )  
 ( 2.6 ) 
In these equations, V is the zero-to-peak amplitude of the rf potential applied to the ring 
electrode, e is the electronic charge of the ion, m is the mass of the ion, U is the dc  
potential applied to the end-cap electrodes, and   is the radial frequency of the rf 
potential and is defined by equation 2.747, 50. 
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         ( 2.7 ) 
The radial frequency has the units radians per second, and the fundamental frequency 
of the main rf voltage, frf, is in hertz
37, 47.  It is also apparent that equations 2.3-2.6 may 
be reduced to equations 2.8 and 2.947. 
         ( 2.8 ) 
         ( 2.9 ) 
These equations are used to describe the motion and trajectories of the ions within the 
quadrupole ion trap; however, they do not take account deviations in the motions of the 
ions due to space-charge effects or dampening of the ions as a result of collisions with 
gases such as helium37.  It was discovered by Stafford’s group that the addition of 
approximately one mTorr of helium to the QIT resulted in kinetically cooling or 
dampening the ions to the center of the trap which allowed for the ions to be ejected in 
more “dense” packets thereby improving resolution and sensitivity37.  This additional 
gas, typically helium, is referred to as a dampening or bath gas and enters the LCQ ion 
trap through an inlet in the end-cap electrode37, 51. 
 
In order for a molecule to be stored in the ion trap, it must be stable in both the axial and 
radial directions37.  Stability diagrams like the one shown in Figure 2.7 result from 
“plotting and overlapping the solutions to the Mathieu equations in (a,q) space for the r 




Figure 2.7:  QIT stability diagram 
Note:  Adapted from “Electrospray and MALDI Mass Spectrometry” (p. 276), by R.B. 
Cole, 2010, Hoboken, N.J:  John Wiley & Sons, Inc.  Copyright 2010 John Wiley & 
Sons, Inc.  Adapted with permission. 
 
The figure denotes the regions where ions are stable in the radial and axial directions.  
The gray portion of the stability diagram corresponds to the region where an ion is 
stable in both directions and therefore can be confined within the QIT.  Ions that are not 
found within the stability region will collide with the electrodes and be lost.  While there 
are other regions where the stability of the axial and radial directions overlap, the region 
around az=0, as shown in Figure 2.7, corresponds to the majority of commercial 
instruments since they are operated without the application of a dc potential (U) as the 
end-cap electrodes are grounded.  This results in ar and az values, calculated in 
equations 2.3 and 2.5, equal to zero47.  For this reason, the stability of the ion is based 
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on the qz value shown in equation 2.6 and is represented by the position of the ion 
along the horizontal axes47 for which az=0.  The stability of an ion in the axial direction is 
defined by the edge of the gray region of the stability diagram; therefore, ions with a 
mass-to-charge that corresponds to a value less than qz-edge (0.908) will be stored in the 
QIT37, 51.   
 
In order for an ion trap to be utilized as a mass spectrometer, the ions must be ejected 
from the trap and detected.  Recall that the ions have been collisionally cooled to the 
center of the trap using the helium dampening gas.  According to equation 2.6, qz is 
inversely proportional to the mass-to-charge value (m/e in the equation but often 
referred to as m/z as is the notation in this work) of the ion37.  The larger the qz value, 
the smaller the mass-to-charge value, as indicated by the size of the circles 
representing ions in Figure 2.7.  Equation 2.6 also shows that the qz value is 
proportional to the amplitude of the rf voltage applied to the ring electrode (V).  Recall 
that the quadrupole trapping field is created when an rf voltage of fixed frequency and 
varying amplitude is applied to the ring electrode, while the end-cap electrodes are 
grounded51.  As the amplitude of the rf voltage is linearly increased, the qz values 
associated with the ions confined in the trap increase, and the ions approach the 
stability boundary from the smallest mass-to-charge to the largest.  Once the ions reach 
the stability boundary at qz-edge=0.908, they become unstable in the axial direction and 
are ejected from the QIT37, 47, 51.  This process is known as mass-selective instability 
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scan mode and was developed by Stafford, Kelly, and Stephens31, 37, 47, 49.  Ejection 
from the QIT may occur through either end-cap electrode; however, the ions are only 
detected when they exit through the exit end-cap electrode where the ions then strike 
the detector34, 37, 47, 51.   
 
This method was traditionally used for QIT instruments; however, peak broadening was 
observed when ions of high mass-to-charge were present which led to axial modulation, 
used by the majority of commercial instruments46.  The use of axial modulation also 
resulted in the extension of the mass-to-charge range capable of being trapped by the 
QIT37, 49.  In axial modulation, an ion is brought into resonance at a qz value less than 
0.908.  Every ion has a fundamental frequency at which it will resonant, fz-res, which is 
specific to its qz value.  This frequency is based on the fundamental frequency applied 
to the ring electrode, frf, and the position of the ion in the stability diagram.  The 
frequency may be approximated by equation 2.10, where equation 2.11 gives the 
Dehmelt approximation stability parameter, βz, which relates the ion position on the 
stability diagram to its fundamental frequency37, 46. 
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Recall that when the end-cap electrodes are grounded, the az term equals zero; 
therefore, the fundamental frequency may be estimated by the qz value alone.  Notice 
that the boundary of the stability region shown in Figure 2.7 has a βz value equal to one.  
An alternating current (ac) voltage is applied to the end-cap electrodes with a fixed 
frequency slightly below one half of the fundamental frequency, corresponding to a 
given qz value less than 0.908.  The voltages applied to the two end-cap electrodes are 
180° out of phase of one another but with the same amplitude36.  As a result of the 
increasing amplitude of the rf voltage applied to the ring electrode, the ions move along 
the stability diagram and reach the qz-eject value corresponding to the frequency of the 
voltage applied to the end-cap electrodes34, 37, fz-res.  When the ions reach the qz-eject 
value, they come into resonance and gain kinetic energy.  When the voltage applied has 
a large enough amplitude (approximately 6 Vp-p)
46, the ions become unstable in the axial 
direction and are ejected from the QIT in a process known as “resonance ejection”36, 37.  
As a result of the ions coming into resonance, they move out of the center of the trap 
where they experience a greater potential field and less space charging effects; 





2.1.2.2 Tandem Mass Spectrometry (MS2) and MSn 
 
As mentioned previously, an advantage of the QIT is its ability to perform multiple mass 
spectrometry experiments (MSn).  Unlike tandem-in-space instruments which require 
separate mass spectrometers for each tandem experiment, the QIT is a tandem-in-time 
instrument capable of performing multiple mass spectrometry experiments in the same 
space over different periods of time37.  In a tandem mass spectrometry experiment, MS2 
(or MS/MS), ions of a particular mass-to-charge or mass-to-charge range are isolated, 
resonantly excited then undergo several collisions with helium atoms where the ions 
gain internal energy and may dissociate.  After the ions have entered the QIT and are 
trapped by the quadrupole trapping field, all of the ions except for an ion of a specific 
mass-to-charge (or ions of a range of mass-to-charge values) are ejected from the trap.  
This may occur by a combination of axial modulation where the ions with mass-to-
charge values lower than the value to be isolated are ejected by axial modulation while 
ions of larger mass-to-charge values may be ejected by a reverse process by applying a 
resonant frequency corresponding to a lower qz value, essentially creating a hole in the 
stability diagram at the qz value lower than the qz value associated with the ion to be 
isolated.  By decreasing the amplitude of the voltage applied to the ring electrode, the 
mass-to-charge values greater than the isolated ion are ejected.  Another way of 
isolating ions, as is performed by the LCQ instrument, is to perform axial modulation 
along with the application of a waveform voltage to the end-cap electrodes which 
consists of a distribution of frequencies corresponding to all of the qz values of the 
38 
 
stability diagram except for the value(s) corresponding to the ion(s) to be isolated17, 36.  
When this broadband frequency is applied to the end-cap electrodes, the ions that are 
not to be isolated are resonantly ejected.  Following isolation, the amplitude of the rf 
voltage applied to the ring electrode is decreased until the ion reaches a qz value 
specified in the instrument parameters by the user.  The ion is then resonantly excited 
by a voltage applied to the end-cap electrodes, as previously described; however, the 
amplitude of the applied voltage is typically 5 V or less in order to keep the ion from 
being resonantly ejected36.  Once the ion is resonantly excited, it moves away from the 
center of the trap and experiences a greater trapping force causing the ion to gain 
kinetic energy47.  The ion collides with the helium atoms of the dampening gas 
(approximately 20,000 collisions per second47) resulting in an increased internal energy 
and eventually dissociation and therefore is referred to as collision induced dissociation 
(CID) or collisionally activated dissociation (CAD)47.  The isolated ion is referred to as 
the precursor ion, and its resulting fragment ions are referred to as product ions47.  The 
product ions are trapped as long as they fall within the stability diagram.  They are then 
subsequently detected using axial modulation. 
 
The precursor ion dissociation pathway and therefore the type of product ions formed is 
dependent on the internal energy of the precursor ion when it dissociates47 (see section 
2.2).  The amount of kinetic energy that the precursor ion may gain is dependent on the 
potential well created by the quadrupole trapping field, as previously mentioned.  The 
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deeper the potential well, the more kinetic energy may be acquired by the precursor 
ion47.  The depth of the potential well in the axial direction may be estimated46, 47 by 
equation 2.12. 
  ̅  
   
 
 ( 2.12 ) 
Therefore, the kinetic energy that may be acquired by the precursor ion is proportional 
to the qz value; however, as the potential well depth is increased, the range of the mass-
to-charge values that fall in the stability region is reduced.  Selection of an appropriate 
qz value for an MS
2 experiment therefore has a trade-off between the amount of kinetic 
energy that the precursor ion may gain and the lowest mass-to-charge value that may 
be detected, also known as the low mass cut-off (LMCO).  The internal energy of the 
precursor ion also depends on the amplitude of the applied voltage to the end-cap 
electrodes during resonance excitation, which is considered the CID energy and 
typically ranges from 0 to 5 V.  As the CID energy increases, a competition between 
resonantly exciting then dissociating the ions versus resonantly ejecting the ions 
becomes an important factor to consider53, 54. 
 
Finally, the amount of time that the CID energy is applied, called the excitation (or 
activation) time, influences the number of collisions that the precursor ions undergo with 
helium atoms which influences the internal energy of the precursor ion47.  Section 2.2 
will further discuss the relationship between internal energy and fragmentation.  In 
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addition to MS2 experiments, the ion trap may perform MSn experiments where n>2.  
For an MS3 experiment, a product ion that was produced during an MS2 experiment 
may then be isolated and undergo CID to dissociate.  This process may be repeated for 
an MSn experiment.  MS2 and MSn, where n>2, experiments are useful for structure 
elucidation, for example when studying peptides, sequencing biopolymers, and 
analyzing complex mixtures49.   
 
In order to obtain a general idea of the voltages and frequencies applied to the 
electrodes, the parameters of the Finnigan LCQ which are used in this presented 
research are discussed.  For the LCQ ion trap, the rf voltage applied to the ring 
electrode used to create the quadrupole trapping field and to move the ions along the 
instability diagram has a fixed frequency of 760 kHz and an amplitude that is varied 
between 0 and 8500 V0-p typically at a rate of approximately 5,500 u/s
36, 37, 49.  With the 
qz-eject value reduced to 0.83, a mass-to-charge range up to 2000 Da may be detected
37, 
49.  And the typical isolation time for the LCQ is set at 16 ms17; however, this parameter 
may be changed in other instruments, such as the Finnigan PolarisQ which is also 





2.1.3 Ion Detection 
 
Following ejection from the ion trap, an ion travels to a dynode-electron multiplier 
detector which increases the signal and decreases the noise34.  A high voltage is 
applied to the conversion dynode, which attracts the ions that have exited from the 
mass analyzer29, 34.  When an ion strikes the dynode and is detected, it is assigned a 
mass-to-charge value based on the instrumental parameters required to eject the ion, 
such as the fundamental frequency and amplitude of the rf voltage applied to the ring 
electrode, discussed previously in section 2.1.2.1.  When an ion strikes the conversion 
dynode, secondary particles are produced which may include positively or negatively 
charged ions, protons, electrons, and/or neutral molecules34.  The curved metal surface 
of the conversion dynode focuses the secondary particles and accelerates them to an 
electron multiplier by a voltage gradient34.  The electron multiplier “amplifies a current by 
generating an electron cascade from an oxide-coated surface of an electrode”32, 34.  The 
electron multiplier consists of a cathode funnel-like resistor composed of lead oxide with 
a negative potential applied to it34.  After leaving the conversion dynode, secondary 
particles strike the electron multiplier cathode near the inner walls with enough energy 
to eject electrons34.  The ejected electrons continue down the cathode where they strike 
another surface resulting in the ejection of additional electrons34.  This process 
continues down the electron multiplier cathode producing a cascade of electrons34.  The 
electrons are collected by the anode positioned at the exit end of the cathode, where 
the exit end of the cathode is held at a ground potential32, 34.  The production of this 
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cascade of electrons results in a current gain of approximately 105, which is converted 
to voltage by an electrometer circuit34.  The gain is a function of the total potential 
difference between the entrance and exit ends of the multiplier cathode and therefore 
may be adjusted by changing the applied potentials32.   
 
 
2.1.4 Instrumental Data Output - Mass Spectra and Chromatograms 
 
The results of a mass spectrometry experiment are shown in the form of a mass 
spectrum as was originally presented in Figure 2.1.  A mass spectrum is a plot that 
shows the mass-to-charge ratio (m/z) of the range of ions that were scanned during 
mass analysis on the abscissa and the abundance of the corresponding ions on the 
ordinate axis29.  The abundance of the peaks in the mass spectrum are representative 
of how many ions were detected32.  When the ion is singly charged, the mass-to-charge 






Figure 2.8:  Mass spectrum 
 
 
The molecule ion in the mass spectrum is indicated in Figure 2.8 with mass-to-charge 
ratio (m/z) of 475.  Peaks that are observed in the mass spectrum which result from 
fragmentation of the molecular ion are referred to as fragment ions29.  In the case of 
mass spectra produced from the tandem mass spectral experiments described in 
section 2.1.2.2, the isolated precursor ion is the peak with the largest mass-to-charge 
ratio, and the fragment ions are referred to as product ions.  The most intense peak in 
the mass spectrum is known as the base peak, which may or may not be synonymous 
with the molecular ion29, 30, and is identified in Figure 2.8 with m/z 250.  Most software 
normalizes the mass spectrum29 where the ordinate axis shows the relative abundance 
of the ions normalized, and the base peak has a relative abundance of 100%.  A mass 
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spectrum is typically depicted as a bar graph or histogram with nominal resolution, as 
shown Figure 2.8; however, this method is only useful when peaks are well resolved29.  
Ions are ejected from the mass spectrum in clusters, as previously discussed, and the 
tighter the cluster the more resolved the mass spectral peaks.  The clusters will be less 
compact when they have the same nominal mass-to-charge ratios but their masses are 
not identical or simply due to the ions with the same mass-to-charge ratios not having 
identical energies but rather a range of energies32.  Peaks may also be poorly resolved 
in a mass spectrum when an ion is considered to be “fragile”29, and the peaks generally 
are broad with peak fronting16.  Fragile ions result from dissociation of product ions 
during resonance ejection in mass analysis which often results in a mass shift55, 56.  In 
order to observe peak fronting, mass spectral data collection for the current research 
was performed using “profile” instead of “centroid” data collection mode. 
 
In addition to a mass spectrum, a chromatogram may also be produced which is 
composed of consecutively acquired mass spectra over time29.  A chromatogram is 
plotted as a function of time or retention time when a chromatography column is used 
for sample separation prior to detection.  Chromatograms are especially useful for 
viewing the separation of components as a result of chromatography as well as the 






2.2 Fragmentation of Molecules 
 
Classes of compounds tend to have characteristic fragmentation patterns which result 
from the unimolecular dissociation processes that are energetically most favored.  
Several text books have been published regarding such fragmentation pathways29, 57.  
The dissociation of peroxides will be discussed in section 2.3.  Mass spectra are often 
examined to elucidate structures of unknown molecules by taking into consideration 
possible fragment structures and how they may result from an unknown molecule58.  
The product ions that result from dissociations of a precursor ion may be formed as 
primary product ions formed directly from the precursor ion or as secondary product 
ions formed from the further dissociation of a primary product ion58.  When two primary 
product ions are formed, they are stated as resulting from parallel (or competitive) 
dissociation of the precursor ion; whereas, when both a primary and a secondary 
product ion are formed, they are considered to result from a consecutive (or sequential) 
dissociation.  In an MS2 experiment, only the precursor ion is resonantly excited; 
therefore, in order to form a secondary product ion, the intermediate primary product ion 
must have enough excess internal energy to further dissociate13.   
 
The type of fragment ions and abundance of ion peaks observed in the mass spectrum 
are highly dependent on the internal energy29, 35, 58, 59, which is defined as the “total 
46 
 
energy of a species above its electronic, vibrational, and rotational ground state”58.  
While each individual ion has a specific internal energy, the population of ions has a 
distribution of internal energies, given as a probability distribution, P(E), which is 
generally normalized to unity29, 58.  The relationship between internal energy and the 
extent of fragmentation has already been introduced in section 2.1.1 regarding the two 
classes of ionization techniques:  hard and soft30.  A hard ionization source produces a 
distribution of internal energies that are relatively high resulting in the presence of 
several fragment ions in the mass spectrum, while a soft ionization source produces an 
ion population with relatively low average internal energy and a mass spectrum with 
minimal fragment ions58.  The internal energy distribution of the precursor ions is 
dependent on many factors including the type of ionization, the size of the molecule, the 
path of travel of the ion from ionization to detection, and any other experiments that may 
be performed to increase the internal energy of a molecule such as collision induced 
dissociation (CID)58, 60.  The precursor ion may dissociate by competitive fragmentation 
pathways which are dependent on the rates of the reaction and therefore the internal 
energies of the precursor ions58.  Figure 2.9 is a representation of how different 




Figure 2.9:  Relationship between internal energy distributions and product ions 
observed in a mass spectrum 
Note:  Adapted from “Principles of Ionization and Ion Dissociation Mass Spectrometry” 
(p. 32) in “Mass spectrometry: a textbook”, by J.H. Gross, 2011, London:  Springer.  
Copyright 2004 Springer.  Adapted with permission. 
 
Figure 2.9 shows a two-dimensional representation of a dissociation pathway for the 
precursor ion, A+, and the relative internal energies of the ions.  The ordinate axis of the 
figure shows the relative internal energies and appearance energies, AE, for the parallel 
and consecutive dissociations of precursor ion, A+, as shown in the dissociation 
schematic along the abscissa.  The appearance energy is defined as the amount of 
energy necessary to result in the detection of a particular fragment ion from a neutral 
molecule29, 58 in the case of electron ionization or a precursor ion62 in the case of 
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collisional induced dissociation.  In order to observe an ion within the time-frame of the 
experiment, a particular amount of energy beyond the activation energy is required, 
where this excess energy is referred to as the kinetic shift29, 58, 63.  The kinetic shift can 
make it difficult to measure the activation energies of molecules.  In addition, the 
competitive shift resulting from a competition between different reaction pathways and 
the thermal shift resulting from ion internal energies gained prior to ion activation, for 
example during ionization, can increase the difficulty in determining the activation 
energies63.  As was previously stated, the ion peaks observed in the mass spectrum are 
dependent on the internal energy distribution of the excited molecules.  Two internal 
energy distributions, P(E), are shown along the ordinate axis which represent the 
distributions of a population of ions at two different temperatures.  In the first population, 
P(E)1, the majority of the ions have an internal energy which results in the observation 
of the precursor ion, A+, while some of the ions have enough energy to further 
dissociate to both product ions, B+ and C+.  None of the B+ product ions represented by 
the first population have enough excess energy to further dissociate to the secondary 
product ion, D+.  The second population of ions, P(E)2, consists of ions with a broader 
internal energy distribution where the average internal energy has increased; therefore, 
less precursor ions, A+, are observed in the mass spectrum, and more product ions, B+ 
and C+ are formed.  In contrast to the first ion population, some of the B+ product ions in 
the tail of the second ion population have internal energies large enough to further 




In this dissertation research, precursor ions formed by electron ionization (EI) or 
electrospray ionization (ESI) are isolated in a quadrupole ion trap before being 
dissociated via collision induced dissociation (CID).  Details about the ionization 
techniques may be found in section 2.1.1.1 (EI) and 2.1.1.2 (ESI), and details about CID 
are found in section 2.1.2.2.  Ion production and activation in EI is more readily 
understood than in ESI35.  The internal energy of ions produced in ESI is influenced by 
the path the ions travel from the region of atmospheric pressure to the ion trap mass 
analyzer.  Factors that influence the internal energy include supersonic expansion which 
occurs during differential pumping stages, voltage variations which allow for 
acceleration of the ions, the temperature of the heated capillary, and collisions with 
neutral solvent gas molecules during the droplet evaporation process35, 60, 64.  All of 
these parameters influence the internal energies of the ions which explains the poor 
reproducibility of ESI spectra compared to spectra produced by EI35.  The ions formed 
by EI and ESI are then excited to impart a greater amount of internal energy using a 
CID experiment. 
 
The purpose of a CID experiment is to increase the internal energy of the precursor ion 
to cause dissociation to product ions, which is accomplished by collisions of the 
precursor ions with neutral molecules or atoms such as helium, without causing the ions 
to be resonantly ejected13.  CID is generally accepted to occur in two steps50, 60, 65, 66, as 





      
     
 
  
     
     
 
Figure 2.10:  Steps of collision induced dissociation 
 
In the first step, the precursor ion, M+, collides with neutral molecule(s), N, to form the 
excited or activated precursor ion, M+*.  During this initial step, a fraction of the kinetic 
energy of the ion is converted to internal energy, which is generally accepted as being 
randomized through all of the degrees of freedom of the molecule50, 60.  The second 
step describes the dissociation of the excited ion and is considered to be independent of 
the method of energy transfer50, 60.  The dissociation of the excited ion proceeds through 
competitive unimolecular dissociation pathways50, 66 which are dependent on the 
internal energy distribution that results from the first step59, 66.  The amount of kinetic 
energy that is converted to internal energy in the first step is dependent on several 
factors including the masses of both the precursor ion and neutral molecule65, 66.  
Generally only a small percent of the kinetic energy will be converted to internal energy; 
however, the maximum amount of energy that can be converted is the center-of-mass 
collision energy58-60, Ecom, given by the following equation 2.13. 
          (
        
             
) ( 2.13 ) 
Elab is the kinetic energy of the ions and is dependent on the instrumental parameters
66.  
The masses of the neutral bath gas and the precursor ion are given by mneutral, and mion, 
respectively.  Other factors influencing the internal energy gain during tandem mass 
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spectrometry include:  the frequency of the ac potential applied to the end-cap 
electrodes, amplitude of the frequency (CID energy), amount of time the precursor ions 
are resonantly excited also known as the excitation time (ET), trapping parameter qz 
value (see equation 2.6 in section 2.1.2.1),  pressure and type of buffer gas, amount of 
time the precursor ions are collisionally cooled prior to dissociation (cooling time), 
number of ions in the trap which may result in space-charge effects, and the precursor 
ion itself13, 52, 54, 58, 67-71.   
 
While the relationship between the internal energy and the appearance of the mass 
spectrum is well understood, determining the internal energies of excited ions formed in 
the ion trap is not easy54, 58, 66, 70.  The internal energy distributions may be estimated 
using the thermometer-molecule method where an ion that fragments by consecutive 
dissociations is analyzed54.  Tetraethylsilane (TES) is an example of a thermometer 
molecule72, 73.  TES has been reported to undergo consecutive fragmentation pathways 
52, 74.  The activation energies for the three consecutive dissociation steps are 0.5 eV, 2 
eV, and 3.5 eV52.  Recall that in an MS2 experiment, only the precursor ion is selectively 
excited and can absorb energy75; therefore, the ratio of the product ions will be a 
measure of the internal energy that is deposited into the precursor ion52, 75.   
 
Depending on the type of instrument, collision induced dissociation may be considered 
a high or low-energy process where a high energy process typically result in kiloelectron 
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volt collision energy while low energy processes range from 1-200 eV collision energy58, 
66.  The efficiency of the CID process is defined as the ratio of the sum of the fragment 
ion abundances after the CID process to the abundance of the precursor ion prior to 
dissociation by CID52, 53.  CID efficiencies have been demonstrated to produce high 
yield for low-energy processes; however, the CID efficiencies are reduced for higher 
energy processes as a result of the competition between resonance excitation and 
resonance ejection52, 54.  CID performed using a quadrupole ion trap described in 
section 2.1.2.2 is considered a low-energy (or “slow heating”58, 59, 76, 77) process as it 
results in several low kinetic energy collisions58.  Because CID in a quadrupole ion trap 
is considered a slow activation method59, 63-65, 76, the precursor ion reaches a steady-
state internal energy distribution as the rates for ion activation and deactivation are 
equivalent76.  A Boltzmann distribution is achieved when the rates of ion excitation and 
de-excitation are greater than the unimolecular dissociation rate; while, a truncated 
Boltzmann distribution of internal energies occurs when rate of unimolecular 
dissociation is greater than the rates of excitation and de-excitation59, 76, 78, 79.  In the 
latter case, the Boltzmann distribution is truncated at the high-energy tail of the 
distribution where the energy exceeds the dissociation energy76.  It has been shown that 
a Boltzmann distribution is generally achieved in a quadrupole ion trap58, 59, 66, 76, 79, 80.  
CID in a quadrupole ion trap has been shown to result in dissociation along low-energy 
pathways, such as fragments that result from rearrangements65, 81.  For instance, the 
precursor ion of the thermometer molecule n-butylbenzene results in two major 
fragment ions consisting of a direct cleavage and a rearrangement; whereas, the 
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rearrangement was shown to be favored when the internal energy deposition was low 
while the direct cleavage was favored at a high internal energy deposition58, 70.  
Unfortunately, the low energy dissociation pathways are not always the most revealing 
when trying to elucidate the structure of an unknown precursor ion and sometimes 
dissociation via higher energy pathways are desired13, 76.  MSn experiments may be 
performed to increase the internal energies of the observed product ions to determine 
their low-energy fragmentation pathways64.  Additional research has been done to 
increase the internal energies of molecules in a quadrupole ion trap, as discussed in 
section 2.2.1, and methods for elucidating the dissociation pathways have been 
investigated (section 2.2.2). 
 
 
2.2.1 Ways to Increase Internal Energy 
 
As shown in equation 2.13, the amount of energy that can be converted to internal 
energy from kinetic energy is dependent on the mass of the neutral molecule54.  In the 
quadrupole ion trap, helium is used both as a damping gas and for CID experiments 
(see section 2.1.2.2).  A heavier bath gas may be used to increase the amount of 
internal energy in the molecules; however, heavier gases are poor damping gases since 
they result in an increased scattering of ions and reduced sensitivity13, 54.  It was noted 
that while the addition of a heavier gas would decrease the number of collisions 
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required for dissociating a molecule, it is the final collision that governs which 
dissociation pathway is accessed, since the final collision could be with the heavier bath 
gas or simply with helium54.  Charles et al. performed CID experiments with the addition 
of argon or xenon gas added to the quadrupole ion trap during CID.  The addition of a 
xenon gas during CID of N,N-dimethylanaline produced fragment ions from consecutive 
dissociations that were not observed when only helium was used.  In this experiment, 
the precursor ion N,N-dimethylanaline, m/z 120, was collisionally dissociated and 
resulted in product ions including m/z 105 and m/z 77 when helium was used; however, 
when xenon gas was added, additional fragment ions m/z 104 and m/z 51 were also 
observed.  The secondary product ion m/z 104 is known to form from m/z 105 while m/z 
51 is a fragment of m/z 77.  Since only the precursor ion was resonantly excited and not 
the product ions m/z 105 and m/z 77, the secondary product ions m/z 104 and m/z 51 
must have resulted from m/z 120 dissociating to the primary product ions m/z 105 and 
m/z 77 and the primary product ions having enough excess internal energy to further 
dissociate54.  The addition of heavier gases including xenon, argon, krypton, and 
methane by pulsed introduction resulted in an increased number of consecutive 
dissociations and higher energy direct cleavages of peptides82.  The tandem mass 
spectra were found to show dramatically increased fragmentation with the addition of 
5% xenon; however, resolution and sensitivity were reduced82.  By introducing the 
heavy gas by a pulsed introduction during the CID experiment but pumping away the 




Another way to increase the internal energies of ions in a quadrupole ion trap is to 
increase the temperature of the ions within the trap by the addition of a heater to the ion 
trap electrodes resulting in thermally assisted-CID13, 53, 83.  This results in an increased 
internal energy without having to decrease the mass range53.  Experiments were 
performed on the peptide YGGFL, and it was found that at a temperature of 100°C the 
a4 fragment was formed both directly from the precursor ion and through a consecutive 
route with a b4 intermediate; however, when the temperature was increased to 160°C 
the a4 fragment was only produced through the higher energy consecutive 
dissociations13.  These results were determined using double resonance, which will be 
discussed in section 2.2.2. 
 
 
2.2.2 Ways to Elucidate Dissociation Pathways 
 
Collision induced dissociation (CID) pathways are often investigated for ions isolated 
during tandem mass spectrometry experiments, termed precursor ions, and may be 
useful for structure elucidation14-16.  The product ions observed in a mass spectrum are 
a result of the “energetically accessible dissociation pathways” of the precursor ion59.  
While MSn capabilities are useful in determining reaction pathways, the pathways 
achieved by a MS2 analysis alone may be different from what is observed during an 
MSn experiment12, where n>2.  This may result in proposed dissociation schemes that 
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are not completely accurate for a MS2 tandem mass spectrometry experiment.  In MS2 
experiments, the primary product ion is no longer in resonance with the applied voltage 
and generally loses internal energy from collisions with the bath gas rather than being 
further activated13.  In order to view secondary product ions, the intermediate product 
ion formed must have excess internal energy to further dissociate to a secondary 
product ion13, 14.  Techniques that have been used to elucidate dissociation pathways in 
MS2 experiments include energy-resolved mass spectrometry involving the analysis of 
breakdown curves14-16 and double resonance11, 12, 17 or the similar technique of stored 
wave form inverse Fourier transform (SWIFT)15, 18, 19, 21, 84.   
 
Energy-resolved mass spectrometry, which is the analysis of breakdown curves, is a 
method that has been employed to elucidate between primary and secondary product 
ions14-16, 58.  Breakdown curves show how fragmentation varies as the internal energy 
distribution is increased by plotting normalized abundances of the precursor and 
product ions against internal energy and also show the relative rates of formation of the 
product ions58.  Often, breakdown diagrams are plotted as a function of a parameter that 
effects the internal energy such as the amplitude of the applied CID voltage (CID 
energy) or the amount of time the CID energy was applied (excitation time, ET)58, 70.  At 
low CID energies or excitation times on the abscissa of a breakdown curve—where the 
internal energies are considered to be low—an induction period is often observed79, 85.  
The induction period is the amount of energy or time where the internal energy of the 
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precursor ion is below the appearance energy of the lowest energy dissociation 
pathway while the precursor ion population reaches a steady-state internal energy 
distribution63, 79.  Following the induction period, a first-order unimolecular dissociation of 
the precursor ion occurs resulting in the formation of product ions85.  For breakdown 
curves plotted as a function of CID energy, product ion abundances may be lost at the 
high end of the breakdown curve due to an increase in resonance ejection over 
resonance excitation and decreased trapping efficiencies of both the precursor and 
product ions, which results in nonlinearity of the plot when trying to determine the 
dissociation rate13, 63, 85.  The dissociation rate constant may be found by a least-
squares slope of the linear portion of a plot of the natural log of the number of 
undissociated precursor ions at a particular excitation time as a function of the excitation 
time, where the rate is dependent on the CID energy63, 79, 85.  The dissociation pathways 
of lowest energy may be found by increasing the collision induced dissociation or other 
instrument parameter stepwise from the induction period where only the precursor ion is 
observed until fragment ions are detected69.  Experiments performed on the 
thermometer molecule n-butylbenzene demonstrated that the internal energy deposited 
during collision induced dissociation by varying the excitation time resembled that of 
varying the CID energy; however, varying the excitation time was demonstrated to be 
more effective for “optimization of the dissociation probability”70.  Interpretation of the 
correlations of the data in breakdown curves shows that ions that increase and those 
that decrease in relative abundance with the same magnitude are related to one 
another, for instance primary product ions would decrease in intensity as they are 
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forming secondary product ions which would increase in intensity16.  While some 
instances of determining dissociation pathways by using breakdown curves have been 
demonstrated, particularly for consecutive dissociations22, it may be difficult to interpret 
dissociation pathways when there are a large number of dissociation products with 
varying peak intensities, and it can be difficult to differentiate between primary and 
secondary product ions23.   
 
An additional method that is based on breakdown curve data is the statistical test of 
equivalent pathways (STEP) method, developed by Bandu et al.14-16.  The STEP 
method is based on a ratio of spectra collected at a high energy and a low energy 
spectrum and utilizes the Dixon’s q-test for assigning a peak as a primary or secondary 
product ion14-16.  An advantage of the method is that it utilizes essentially only two points 
on a breakdown curve, thus reducing the data collection time.  Limitations of the method 
include the inability to identify the primary product ion source for formation of secondary 
product ions and the inability to identify a product ion that may result from both a parallel 
and a consecutive dissociation, termed a mixed dissociation product ion14.  Finally, 
fragile ions result in abnormally low STEP ratios which may adversely affect the results 
of Dixon’s q-test16.   
 
Double resonance experiments may be performed in modified ion traps and consist of 
isolating a precursor ion, performing CID to form product ions, and simultaneously 
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ejecting a particular product ion to observe how the remaining product ions are 
affected14, 16.  If other product ions are no longer observed or decrease in intensity as a 
result of that particular product ion being resonantly ejected, than those missing product 
ions or affected product ion peaks are said to originate from the ejected product ion.  
Asam and Glish studied the linkage-type dependent dissociation pathways of sodium 
and lithium adducts of disaccharides using quadrupole ion trap mass spectrometry 
utilizing tandem mass spectrometry, MSn, and double resonance experiments11.  Their 
experiments demonstrated that dissociation pathways accessed for MS3, which utilizes 
two collisional activation steps, may not necessarily be those achieved by MS2 
experiments that utilizes a single collisional activation step11, 12 (see section 3.1.2.2.1 for 
further details about the experiments).  Double resonance is also beneficial in that 
kinetic analyses may be performed resulting in rates of dissociation12.  When a transient 
intermediate structure of a particular mass-to-charge ratio is suspected, double 
resonance experiments have been shown to be able to identify the transient 
intermediate12.  While highly effective at revealing collision induced dissociation 
pathways, both the double resonance and SWIFT methods require specialized 





2.2.3 Effects of Adduct Type on the Dissociation Pathways 
 
The type of adduct formed when creating the ionized species may have an effect on the 
dissociation mechanism of the precursor ion during tandem mass spectrometry 
experiments; therefore, different types of fragment ions may be observed86-88.  For 
instance, when piperazine-containing adenosine was analyzed by mass spectrometry, 
the fragmentation mechanisms were observed to differ for the protonated versus the 
sodiated molecules86.  The protonated molecules were believed to dissociate by charge-
direct fragmentation as a result of a mobile proton; however, the sodiated molecules 
were found to dissociate by charge-remote fragmentation86.  In a charge-direct (or 
charged-induced) dissociation the charged atom or group of atoms is directly involved in 
the fragmentation process where the bond cleavage and formation occur at the site of 
the charge89.  These types of dissociations have been observed to occur under low-
energy CID conditions38.  However, in a charge-remote (or charge-indirect) dissociation, 
the bond cleavage and formation do not occur at the site of the charge or directly 
involve the charged atom or group of atoms89, 90.  This type of fragmentation is typically 
observed in high-energy CID38, but may be observed for lower energy processes83.  The 
mobile proton model, which results in charge-direct fragmentation, was proposed by 
Wysocki and Gaskell38, 91, 92.  In this model, protonated peptides that are formed by a soft 
ionization method initially are protonated on the most basic site of the molecule; 
however, after ion activation the proton may be transferred to a less-basic site91, 93, 94.  
When the proton is moved to a less basic site, charge-induced dissociation may occur 
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at that site91, 93, 94.  Therefore, the most energetically favorable protonated structures may 
not undergo dissociation, but instead undergo a structural rearrangement to induce 
fragmentation95.  Another way of interpreting the model is that the precursor ion may be 
formed as a “heterogeneous population” of the precursor ion protonated at different 
sites along the precursor molecule91.  The mobile proton model is considered “a 
qualitative framework that permits appropriate application of interpretative rules based 
on charge-site localization”91.  Similar charge-remote and charge-direct fragmentation 
have been observed in the analysis of peptides96-98 and oligosaccharide antibiotics99.  By 
studying different fragment ions as a result of the type of adduct formed in the ionized 
species, additional structural information by be obtained about the precursor ion which 
may be beneficial when analyzing an unknown species86.   
 
 
2.3 TATP and Oligoperoxides 
 
Triacetone triperoxide (TATP), also known as “Mother of Satan” or tri-cyclic acetone 
peroxide (TCAP), is a primary high explosive1, 2 that has gained attention due to its 
inclusion in terrorist attacks such as the “Shoe Bomber” incident3 with Richard Reid in 
2001, the London bombings4-6,  in 2005and the “Underwear Bomber” 4 on Christmas 
Day 2009.  Its first reported7 criminal use was in Israel in 1980 and since has been used 
in criminal or terrorist activity in the US, UK, Scandinavia, Sweden, Denmark, Australia, 
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and Morocco3, 4, 7, 9, 100, 101.  TATP (3,3,6,6,9,9-hexa-1,2,4,5,7,8-hexaoxacyclononane)7  
is a cyclic organic peroxide6, 102, 103 (see  Figure 2.11) which was demonstrated to have 

















Figure 2.11:  Triacetone triperoxide, TATP 
 
An organic peroxide is a compound that contains one or more R-O-O-R functional 
groups and is typically divided into two classes:  alkyl/acyl peroxides and cyclic 
peroxides2, 7.  A white solid with a high vapor pressure (approximately 7 Pa at room 
temperature), TATP is sensitive to heat, shock, electrical discharge, and friction1-3, 7-9, 
100-102, 106-109.  It has an explosive power that is analogous to the secondary explosive 
2,4,6-trinitrotoluene (TNT) 102, 107, 110 with an 88% equivalence3, 4.  There are many 
different peroxide compounds, and approximately 90% of the compounds are used in 
the polymer industry or as bleaching and antibacterial agents3.  However, given its 
sensitivity and its instability in storage due to sublimation, TATP has not found use in 
industrial or commercial applications3, 4, 7-9, 106, 109-112.  A homologue of TATP, diacetone 
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diperoxide (DADP or 3,3,6,6,-tetramethyl-1,2,4,5-tetraoxane) is also considered a 












Figure 2.12:  Diacetone Diperoxide, DADP 
 
An additional organic peroxide that has been used by terrorists is methyl ethyl ketone 
peroxide (MEKP).  MEKP is an organic peroxide formed using methyl ethyl ketone 
instead of acetone as is used in the synthesis of TATP113.  MEKP is a curing agent that 
is commonly used in its diluted form to produce plastics by radical polymerization of 
monomers100.  When concentrations greater than 52 weight percent are achieved, 
MEKP is classified as an explosive100.  MEKP was believed100 to have been used in an 
improvised explosive device (IED) in Finland in 2002. 
 
The first documented synthesis of TATP was by Wolffenstein in 18953, 7, 102, 107, 109.  
Instructions for manufacturing TATP are accessible online7, and the reagents required 
for the synthesis are readily obtainable for purchase and difficult to regulate8, 9.  Various 
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synthesis methods have been published such as the original un-catalyzed synthesis by 
Wolffenstein by mixing acetone and 50% hydrogen peroxide and the acid-catalyzed 
method of Milas where acetone was slowly added to a 0°C mixture of hydrogen 
peroxide and sulfuric acid which was allowed to sit at 0°C for three hours then extracted 
with pentane; however, large amounts of sulfuric acid are required107.  A safer synthesis 
method was determined where five drops of concentrated sulfuric acid were added 
drop-wise to a 0°C mixture of hydrogen peroxide (50%) and acetone, which was 
allowed to sit at room temperature for 24 hours before the resulting precipitate was 
vacuum filtrated and allowed to air-dry107.   
 
It was previously reported that side products separated by 74 mass units were observed 
in the precipitate formed during TATP synthesis which corresponded to dihydro-
oligomeric acetone carbonyl oxides, further referred to as oligoperoxides1, 10, 101, 114 (see 
Figure 2.13).   
 
 




The proposed mechanism1, 114, 115 for the synthesis of the cyclic and open-chained 
oligoperoxides may be observed in Figure 2.14. 
 
 




The cyclic products are proposed to result from a loss of hydrogen peroxide from the 
corresponding open-chained oligoperoxide.  The amount of oligoperoxides detected in 
the solid precipitate during TATP synthesis was reported to vary for different syntheses1, 
10.  These oligoperoxides were consistent with those reported after polymerization of 
methyl methacrylate initiated by ozonates of tetramethylethylene10, 116-118, were also 
observed by Milas and Golubović during the synthesis of cyclic peroxides from dialkyl 
ketones and hydrogen peroxide10, 119, 120, and were proposed as intermediates to TATP 
by Milas, Golubivić and also by Hiatt10, 114.  Previous studies were reported that included 
sublimation of synthetic product mixture which resulted in TATP being the most 
abundant ion observed in the mass spectra10.  Deuterated studies demonstrated that 
TATP can be formed from the oligoperoxides during sublimation10.  In addition, it was 
reported to be unlikely that the ESI interface would cause the formation of 
oligoperoxides from TATP as a result of a study using purified TATP samples which did 
not produce oligoperoxide ions10.   
 
The first forensic analysis of TATP was performed using electron impact (EI) and 
chemical ionization (CI) mass spectrometry in 19836.  Several different analytical 
methods have been used for the analysis of TATP including GC-MS101, 121, 122, LC-MS2, 
6, 108-111, 123, 124 using both an ESI or APCI interface, Raman6, 106, 125-127, Fourier transform 
infrared spectroscopy (FTIR)106, 125, 128-131,  nuclear magnetic resonance (NMR)125, thin 
layer chromatography (TLC), cavity ring-down spectroscopy (CRDS)125, selected-ion 
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flow tube mass spectrometry125, surface enhanced Raman spectroscopy (SERS)4, 5, 
photoacoustic spectroscopy (PAS)5, ion mobility spectroscopy (IMS)4, 111, desorption 
electrospray ionization (DESI)102, 110, direct analysis in real time (DART)6, and 
chemiluminescence involving LC post-column conversion of peroxides to hydrogen 
peroxide which is detected by a color change using horseradish peroxidase and a color 
change reagent5.  Detection and quantification studies on TATP have been performed 
using LC-MS with a mobile phase consisting of 70:30 (or 75:25) methanol-water with 4-
5 mM ammonium acetate post column additive7, 101.  Unfortunately, it was determined 
that analysis of TATP by GC-MS resulted in activation of the stationary phase after a 
short time period2, 7; however, activation of the stationary phase was not observed in the 
laboratory where this dissertation research was performed or in experiments performed 
by the Federal Bureau of Investigation132.  Different ionization methods have been used 
prior to mass spectral analysis including EI6, 125, 130, APCI2, 6, 111, 124, chemical ionization 
(CI)6, 125, 130, and ESI1, 10, 117.  Degradation studies of TATP have also been performed.  
Some of these studies include thermal decomposition3, 8, refluxing in toluene with tin 
chloride, degradation using mechanically alloyed Mg/Pd8, and metal ion induced 
decomposition8 by Cu2+ and Zn2+.  The thermal degradation studies resulted primarily in 
the decomposition products acetone and carbon dioxide3.  Degradation studies 
performed by treating TATP with different acids were investigated, and it was found that 
the degradation rates were acid dependent133.  TATP was also determined to 
spontaneously degrade to form the cyclic dimer DADP when TATP was prepared using 
the acid catalysts methanesulfonic acid, perchloric acid, or sulfuric acid; however, the 
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transformation to DADP was not observed when the acid catalysts used were 
hydrochloric acid, tin(IV) chloride, or nitric acid134. 
 
Tandem mass spectrometry of sodium, ammonium, lithium, and potassium adducts with 
TATP were performed, and it was found that the alkali metals were retained during CID; 
however, for ammonium adducts, the loss of ammonia resulted in detection of 
protonated TATP110.  Tandem mass spectrometry of protonated TATP [M+H]+, m/z 223, 
resulted primarily in the product ions m/z 91 and 74110, however m/z 75 and 59 were 
also detected101, 130.  MSn experiments confirmed that m/z 91 dissociates to form m/z 74 
which further dissociates to m/z 43101.  Tandem mass spectral experiments on sodiated 
TATP102, 110, [M+Na]+ with m/z 245, resulted in the loss of ethane to produce a product 
ion of m/z 215 [C5H9O5+Na]
+, which was confirmed by deuterated studies1, 102.  The 
proposed102 structures and sodiated adduct dissociation mechanism are shown in 
Figure 2.15.  This was also observed for the potassium adduct of TATP102. 
 
 




The O-O peroxide bond is proposed to fragment by homolytic cleavage followed by 
rearrangment with two methyl shifts where the methyl groups are then lost by homolytic 
O-CH3 cleavage
1, 3, 102.  The methyl groups are proposed to recombine to form ethane1, 
102.  The fragment ion m/z 215 is then proposed102 to undergo consecutive dissociation 
by loss of a CH3CO radical to form a product ion of m/z 172 [C5H9O5+Na]
+ which may 
further dissociate to form m/z 81 [C3H6O+Na]
+.  Based on results of applying a 
fragmentor voltage to synthetic TATP and perdeuterated TATP samples, an additional 
dissociation of m/z 215 to m/z 141 [C4H6O4+Na]
+ was also proposed to occur by a 
methyl migration to oxygen with loss of C3H6O2 following fragmentation
1.  The 
ammonium adduct [M+NH4]
+, m/z 240, was observed2, 111 to dissociate to protonated 
TATP, m/z 223, as previously mentioned and the product ions m/z 91, and 74101.  An 
additional set of ions (m/z 168, 132, 115, and 75) with weak intensities were also 
noted101.  Another study noted that the m/z 223 product ion was observed in a linear 
quadrupole and not the quadrupole ion trap when dissociating the ammonium adduct of 
TATP101. 
 
Density functional theory calculations were performed to optimize the structure of 
TATP107,  protonated TATP101, and TATP with various adducts including sodium101, 110, 
135, ammonium110, lithium110, potassium110, and additional ions135.  In these studies, 
structures were optimized using B3LYP/6-31+G(d)110, B3LYP/6-31G102, B3LYP/6-
31G++9, B3LYP/cc-pVDZ106, 107.  The binding energy of the sodium adduct to TATP was 
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calculated as 40.2 kcal/mol without the zero-point energy (ZPE) correction and 39.5 
kcal/mol with the ZPE energy when calculated using DFT B3LYP/6-31+G(d)110 and 47 
kcal/mol when calculated at the B3LYP/6-31G level101, 102.  The sigma O-O bond was 
calculated to be 30.5 kcal/mol using DFT B3LYP/6-31+G(d)110 and 36.3 kcal/mol at the 
B3LYP/6-31G level102; however, the O-O bond strength is known to vary depending on 
the bonding environment136.  It was found that the sigma O-O bonds had a lower 
dissociation energy than the TATP-Na+ binding energy which would result in cleavage 
of the O-O bond during collision induced dissociation with retention of the sodium 
adduct, which was observed experimentally110.  The optimized structure of the sodiated 
TATP molecule resulted in the sodium ion positioned slightly above the ring cavity and 
is centered equidistant from the oxygen atoms102.  Computational studies at the 
B88LYP/DZVP level found the TATP ammonium adduct binding energy to be 25 
kcal/mol, which is less than the peroxide bond energy and would result in a loss of the 
adduct during CID, which is consistent with the weak spectra observed during 
dissociation of the ammonium adduct of TATP101.  Computational chemistry studies 
were performed for the thermal decomposition of TATP107.  It was predicted that the 
explosion of TATP is not thermochemically favorable but instead involves a burst of 
entropy as a result of the production of three acetone molecules and one ozone 




Further studies of oligoperoxides are discussed in section 2.3.1 including an acid-
catalyzed rearrangement of peroxides discussed in section 2.3.2. 
 
 
2.3.1 Previous Studies of Oligoperoxides 
 
While several mass spectral studies have been performed on TATP, little work has 
been performed on the open-chained oligoperoxides.  Analysis of sodiated open-
chained oligoperoxides were performed using ESI with an applied fragmentor voltage1.  
Fragments corresponding to acyl-terminated structures were observed in both 
deuterated and non-deuterated syntheses which were proposed to form from the open-
chained oligoperoxides via a 1,3-migration of a methyl to a terminal hydroperoxy oxygen 
with the loss of methanol1.  A proposed1 dissociation scheme is shown in Figure 2.16. 
 
 




The oligoperoxides were first analyzed by tandem mass spectrometry by Sigman et al.  
utilizing electrospray ionization (ESI) and chemical ionization (CI)10.  Sodiated and 
ammonium adducts were analyzed by ESI while the ammonium adducts were 
additionally formed and analyzed using ammonium CI.  Though both sodium and 
ammonium formed stable adducts, the dissociation products were observed to differ for 
collision induced dissociation (CID) studies as a result of the type of adduct and 
additionally the oligoperoxide size in the case of the ammonium adducts10.  It was 
proposed that selected reaction monitoring could be utilized as a result of these 
variations for the analysis of TATP10.  Adduct type-dependent dissociations have also 
been observed for peptides86 and other molecules and result from charge-remote and 
charge-direct fragmentation (see section 2.2.3).  Deuterated isotopic labeling 
experiments, where the samples were synthesized using perdeuterated acetone10, were 
also performed to elucidate the structures and dissociation mechanisms during CID 
experiments.  Binding energies of the sodium and ammonium adducts were previously 
calculated at the density functional theory (DFT) level with B88-LYP functional and the 
generalized DZVP basis set which demonstrated that the adduct dissociation energies 
were significantly higher for the sodiated adducts than the ammonium adducts10, as 




Table 2.1:  Adduct dissociation energies (kcal/mol) calculated at the DFT B88LYP level 





TATP 42 26 
[H(OOC(CH3)2)2OOH] 56 39 
[H(OOC(CH3)2)3OOH] 77 45 
[H(OOC(CH3)2)4OOH] 80 54 
Note:  Reproduced from “Analysis of oligoperoxides in synthetic triacetone triperoxide 
samples by tandem mass spectrometry” by M.E. Sigman, et al., 2009, Rapid 
Communications in Mass Spectrometry, 23, p. 352.  Copyright 2009 John Wiley & Sons, 
Inc.  Reproduced with permission. 
 
Tandem mass spectral analysis of the sodiated open-chained oligoperoxides was 
performed.  When the oligoperoxide dimer, [H(OOC(CH3)2)2OOH+Na]
+ with m/z 205, ion 
was fragmented by collision induced dissociation, the only fragment ion observed was 
m/z 175 which corresponded to a loss of ethane10 and was analogous to the loss of 
ethane from TATP as previously discussed1, 102 (see Figure 2.15).  Tandem mass 
spectral analysis of the oligoperoxide trimer, [H(OOC(CH3)2)3OOH+Na]
+ with m/z 279, 
resulted in two fragment ions:  m/z 249 and m/z 173.  The m/z 249 was attributed to a 
loss of ethane, C2H6, which was confirmed by deuterated studies with a loss of 36 mass 
units (C2D6).  Subsequent isolation of this ion resulted in the formation of the m/z 173 
ion which was attributed to an oligomer structure terminated as a hydroperoxide at one 
end and an acetyl group at the other end, further referred to as acyl-terminated product 
ions10.  The formation of m/z 173 was also proposed to arise from the trimer ion, 
[H(OOC(CH3)2)3OOH+Na]
+ m/z 279, as a result of a 1,3-methyl migration of a methyl 
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group to an oxygen from a tertiary carbon.  The proposed10 fragmentation pathway may 
be observed in Figure 2.17. 
 
 
Figure 2.17:  Proposed collision induced dissociation pathway for the sodiated trimer, 
[H(OOC(CH3)2)3OOH+Na]
+ 
Note:  Reprinted from “Analysis of oligoperoxides in synthetic triacetone triperoxide 
samples by tandem mass spectrometry” by M.E. Sigman, et al., 2009, Rapid 
Communications in Mass Spectrometry, 23, p. 353.  Copyright 2009 John Wiley & Sons, 
Inc.  Reprinted with permission. 
 
Tandem mass spectral analysis10 of different open-chained oligoperoxides were 
performed, including collision induced dissociation of the heptamer 
[H(OOC(CH3)2)7OOH+Na]





Figure 2.18:  Tandem mass spectrum from the precursor ion m/z 575, the sodiated 
heptamer [H(OOC(CH3)2)7OOH+Na]
+  
Note:  Reprinted from “Analysis of oligoperoxides in synthetic triacetone triperoxide 
samples by tandem mass spectrometry” by M.E. Sigman, et al., 2009, Rapid 
Communications in Mass Spectrometry, 23, p. 354.  Copyright 2009 John Wiley & Sons, 
Inc.  Reprinted with permission. 
 
Based on the various tandem mass spectral analyses (MSn) of the open-chained 




Figure 2.19:  Proposed collision induced dissociation mechanism for the sodiated 
oligoperoxides demonstrated with the heptamer, [H(OOC(CH3)2)7OOH+Na]
+  
Note:  Reprinted from “Analysis of oligoperoxides in synthetic triacetone triperoxide 
samples by tandem mass spectrometry” by M.E. Sigman, et al., 2009, Rapid 
Communications in Mass Spectrometry, 23, p. 354.  Copyright 2009 John Wiley & Sons, 
Inc.  Reprinted with permission. 
 
A weak product ion (m/z 545) which corresponded to a loss of ethane was observed 
along with a minor m/z 501 peak which corresponded to a loss of 74 mass units.  The 
major fragment ions were acyl-terminated product ions (structure B in Figure 2.19) 
which were proposed to occur via a 1,3-migration of methyl to an oxygen atom as 




Figure 2.20:  Proposed 1,3-methyl migration to an oxygen atom 
 
These product ions were then proposed to lose an acetyl radical (43 mass units) to 
result in the fragment ions indicated as structure C in Figure 2.19.  Finally the potential 
pathway to form structure B from the complex that resulted from the loss of ethane was 
suggested although its occurrence was suggested to be unlikely10.  Binding energies 
were calculated at the B88-LYP/DZVP level, and it was determined that the binding 
energy of sodium for the complex resulting from the loss of ethane was similar to the 
sodium binding energy for the trimer [H(OOC(CH3)2)3OOH+Na]
+ molecule.  It was also 
noted that the binding energy between the larger oligoperoxides and sodium increased 
as the oligoperoxide size increased; therefore, it was suggested that the complex 
resulting from the loss of ethane would be more stable as the oligoperoxide size 
increased and it would be less likely10 for the subsequent loss of a neutral fragment to 
form the B ions in Figure 2.19. 
When the ammonium adduct oligoperoxides were analyzed, two different quadrupole 
ion trap instruments were used, which included an ESI interface where the sample was 
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introduced in the liquid phase with the adduct formed by the addition of ammonium 
acetate and analysis by ammonium CI-MS where the sample was introduced in the 
solid phase using a direct insertion probe (DIP) with the adduct form by the ammonia CI 
gas10.  When comparing the results of the experiments from the two ionization sources, 
the cyclic dimer, DADP, was not observed using ammonium CI; however, it was 
observed using ESI10.  Another previously unreported difference between the tandem 
mass spectral results for the ammonium adducts studied by ESI  and CI is that the 
product ion that corresponds to one monomer unit less than the precursor ion is readily 
abundant during CI studies but is only weakly abundant for ESI studies.   
 
As a result of tandem mass spectral analysis, it was observed that collision induced 
dissociation (CID) of the ammonium adduct open-chained oligoperoxides resulted in 
spectra containing masses-to-charge values equivalent to smaller open-chained 
oligoperoxides as well as cyclic oligoperoxides.  For example, the open-chained 
oligoperoxide tetramer, [H(OOC(CH3)2)4OOH+NH4]
+ with m/z 348, resulted in a mass 
spectrum with product ions which corresponded to  the cyclic tetramer (m/z 314) and 
trimer (m/z 240, TATP), as shown in Figure 2.21, and the open-chained oligoperoxide 
trimer (m/z 274), [H(OOC(CH3)2)3OOH+NH4]
+, dimer (m/z 200), 
[H(OOC(CH3)2)2OOH+NH4]
+, and monomer (m/z 126), [HOOC(CH3)2OOH+NH4]




Figure 2.21:  Tandem mass spectrum of the ammonium adduct tetramer oligoperoxide 
precursor ion, with m/z 348 [H(OOC(CH3)2)4OOH+NH4]
+ 
Note:  Reprinted from “Analysis of oligoperoxides in synthetic triacetone triperoxide 
samples by tandem mass spectrometry” by M.E. Sigman, et al., 2009, Rapid 
Communications in Mass Spectrometry, 23, p. 355.  Copyright 2009 John Wiley & Sons, 
Inc.  Reprinted with permission. 
 
Subsequent MS3 analysis of the open-chained oligoperoxide trimer (m/z 274) resulted in 
the cyclic trimer TATP (m/z 240) and a minor amount of the open-chained oligoperoxide 
dimer (m/z 200).  These results led to the proposed collision induced dissociation of 
ammonium adduct open-chained oligoperoxides in which the precursor ion loses 74*n 
mass units, where n=1, 2, etc., to form smaller open-chained oligoperoxides which 
subsequently lose hydrogen peroxide to form their corresponding cyclic peroxides (see 





Figure 2.22:  Proposed collision induced dissociation mechanism for the tetramer 
oligoperoxide ammonium adduct [H(OOC(CH3)2)4OOH+NH4]
+, with m/z 348  
Note:  Reprinted from “Analysis of oligoperoxides in synthetic triacetone triperoxide 
samples by tandem mass spectrometry” by M.E. Sigman, et al., 2009, Rapid 
Communications in Mass Spectrometry, 23, p. 355.  Copyright 2009 John Wiley & Sons, 
Inc.  Reprinted with permission. 
 
As the size of the precursor oligoperoxide increases these product ions were not as 
readily detected, and the prominently observed product ions corresponded to acyl-
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terminated product ions10.  These acyl-terminated product ions were proposed to result 
from 1,3-methyl migration to an oxygen atom10 as shown in Figure 2.19. 
   
 
2.3.2 Acid-Catalyzed Rearrangement of Peroxides 
 
The products that result from the proposed1, 10 1,3-migration of a methyl to a 
hydroperoxy oxygen may also be formed by the acid-catalyzed rearrangement of 
hydroperoxides involving a 1,2-migration137-145.  In this mechanism, the hydroperoxide 
acts as a base in relation to the protic or aprotic acid138.  While Lewis acids may result in 
the rearrangement, they interact irreversibly with the hydroperoxide and cannot be 
considered a true catalyst138.  When the alpha oxygen of a hydroperoxide is protonated, 
a carbocation is formed following the loss of hydrogen peroxide; however, when the 
beta oxygen atom is protonated a different reaction occurs.  This reaction is proposed142 
to occur through two different mechanisms where the O-O bond is cleaved resulting in 
an oxonium ion (R3CO
+, see Figure 2.23), or through a rigid cyclic complex (see Figure 






Figure 2.23:  Peroxide rearrangement resulting in an oxonium ion intermediate  
Note:  Adapted by permission of “The reaction of singlet oxygen with olefins:  the 
question of mechanism” by A.A. Frimer, 1979, Chemical Reviews, 79, p. 364.  Copyright 
1979 American Chemical Society. 
 
 
Figure 2.24:  Peroxide rearrangement resulting in a rigid cyclic complex intermediate  
Note:  Adapted from “The Mechanisms of the Rearrangements of Peroxides” by V.A. 
Yablokov, 1980, Russian Chemical Reviews, 49, p. 834.  Copyright 1980 Turpion Ltd. 
Adapted by permission of Turpion Ltd.   
 
These mechanisms were proposed following the observation by Criegee that peroxy 
esters rearranged to form hemiacetalic esters142, 146.  Migration studies137-139, 143 have 
been performed with varying results to determine the migratory aptitude of different 
groups (i.e.  phenyl > vinyl > cyclopentyl > propyl ≈ H > ethyl > methyl).  When the 
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hydroperoxide has an unsaturated unit(s) attached to the carbon with the hydroperoxide 
group, a Hock rearrangement147 may occur, like the rearrangement involved in the 
cumene process138, 143, 148, 149.  It should be noted that the observed acid-catalyzed 
rearrangements involved hydroperoxides with a single hydroperoxy terminus and to the 
author’s knowledge did not include oligomeric hydroperoxides.   
 
While the previously proposed 1,3-migration of a methyl to an oxygen atom and the 
acid-catalyzed rearrangement described are two different mechanisms, they both lead 
to product ions of equivalent structures and masses, under the assumption that the 
acid-catalyzed rearrangment could occur for organic peroxides (R-O-O-R) and not only 








The difference between the two mechanisms is the location of the oxygen atoms 
corresponding to the cleaved O-O bond.  The alpha oxygen atom is retained in the ether 
or alcohol product of the acid-catalyzed mechanisms while it is retained as the carbonyl 
oxygen in the acyl-termined product for the 1,3-methyl migration mechanism.  These 
previously proposed dissociation mechanisms will be addressed in the current 
dissertation research on sodiated and ammonium adduct oligoperoxides.  The 
dissociation mechanisms will be analyzed with the applications of two-dimensional 
correlation spectroscopy (see section 2.4) and computational chemistry (see section 
2.5). 
 
2.4 Two-Dimensional Correlation Spectroscopy 
 
In 1986, Noda proposed two-dimensional (2D) infrared spectroscopy as a useful tool to 
analyze not readily observed spectral features which result from an applied external 
perturbation to a system10.  In the original method, the external perturbation had to be a 
simple sinusoidal waveform that was time-dependent57; however, in 1993 Noda 
overcame this limitation by introducing generalized 2D correlation spectroscopy (2D-
COS)150.  In generalized 2D-COS, the applied external perturbation could be any 
waveform as a function of any physical variable, including time150.  A complex Fourier 
transform was initially required for the generalized method, until the discrete Hilbert-
Noda transform was introduced which simplified the mathematics57.  Calculations 
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involving Fourier transforms are estimated to require four times the number of steps as 
calculations utilizing the Hilbert-Noda matrix, and the calculations utilizing the Hilbert-
Noda matrix are found151 to be just as robust as long as the number of dynamic spectra 
does not exceed 40.  Generalized 2D-COS is beneficial in that it simplifies complex 
spectral data by spreading the data along two-dimensions and allows for the 
assignment of sequential order of spectral events28.  Other advantages of generalized 
2D-COS include intrinsic deconvolution, identification of inter- and intra-molecular 
interactions, assessment of in-phase and out-of-phase spectral responses, and 
resolution of band overlapping or band shifting10, 28.  Generalized 2D-COS allows for the 
analysis of spectral intensity variations as an effect of an applied perturbation27, 28, 152.  
The perturbation (ti) is usually applied in equal increments, and the method of 
perturbation may be static (e.g.  pressure, temperature, composition, etc.) or dynamic 
(e.g.  chemical reactions and kinetics, diffusion, etc.)153.  The methodology is discussed 
in section 2.4.1.  Figure 2.26 is a general schematic for collecting generalized 2D-COS 





Figure 2.26:  Schematic for collecting two-dimensional correlation spectroscopy spectra 
Note:  Adapted from “Two-dimensional correlation spectroscopy:  applications in 
vibrational and optical spectroscopy” (p. 16), by I. Noda and Y. Ozaki, 2004, Hoboken, 
N.J:  John Wiley & Sons, Inc.  Copyright 2004 John Wiley & Sons, Inc.  Adapted with 
permission. 
 
Generalized 2D-COS may be applied to homospectral data consisting of a spectral data 
set from one type of spectroscopy or heterospectral data consisting of two spectral data 
sets with the same applied perturbation from different types of spectroscopy (e.g.  the 
correlation between Raman and infrared spectroscopy)27.  The methodology of 
generalized 2D-COS is discussed in section 2.4.1, and applications of generalized 2D-







For generalized 2D-COS analysis, a spectrum is collected as a result of each applied 
perturbation, ti, and a dynamic spectrum
27,  ̃(    ) is produced given by the equation 
2.14, where  ̅(  ) is the reference spectrum.   
  ̃(    )  {
  
 (    )   ̅(  )                
          
 ( 2.14 ) 
The reference spectrum is often set as the averaged spectrum (equation 2.15)27. 
  ̅(  )  
 
         
∫  (    )   
    
    
 ( 2.15 ) 
However, the reference spectrum may also be chosen as a spectrum at a specified 
reference point or specified perturbation, or the reference spectrum may simply be 
equal to zero.  When the reference spectrum is assigned a value of zero, the dynamic 
spectrum is identical to the spectra collected at the applied perturbations27.  A 
matrix,  ̃( ), is then created from the dynamic spectra which are collected at each 
perturbation (equation 2.16)27. 
  ̃( )  [
 ̃(    )
 ̃(    )
 
 ̃(    )




The cross-correlation between the spectral variables m1 and m2 is given
27 by equation 
2.17, where the symbol 〈 〉 is the cross-correlation function related to the perturbation, t.   
  (     )  〈 ̃(    )   ̃(    
 )〉 ( 2.17 ) 
This is simplified by treating  (     ) as a complex number function composed of two 
orthogonal components27, shown in equation 2.18, where  (     )  denotes the real 
component or synchronous 2D correlation intensities and  (     )  denotes the 
imaginary component or asynchronous 2D correlation intensities measured between the 
applied perturbation range tmin to tmax.   
  (     )   (     )    (     ) ( 2.18 ) 
The in-phase or coincidental changes in the spectral intensities, measured by m1 and 
m2, as a function of the perturbation, t, applied between tmin and tmax, are shown in the 
synchronous 2D correlation spectrum,  (     ) .  The synchronous 2D correlation 
spectrum, shown in equation 2.19, is calculated by pre-multiplying the dynamic 
spectrum matrix by its transpose and dividing by (k-1), where k represents the number 
of perturbations used to generate the matrix28. 
  (     )  
 
   
 ̃(  )
  ̃(  ) ( 2.19 ) 
The synchronous matrix is consistent with a statistical covariance matrix28, 150, 151.  Auto-
correlated peaks, termed auto peaks, are observed along the diagonal, and the cross-
correlated peaks, termed cross-peaks, are observed off the diagonal27.  The 
asynchronous 2D correlation spectrum,  (     ), shows the out-of-phase changes or 
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dissimilarity in the spectral intensity variation due to the applied perturbation28 and 
therefore shows only cross-peaks27.  The asynchronous matrix is similar to a disrelation 
spectrum150, 151.  Equations 2.20 and 2.21 may be used to calculate the asynchronous 
spectrum, where Njk is the Hilbert-Noda transformation matrix, with j and k 
corresponding to the row and column number, respectively.   
  (     )  
 
   
 ̃(  )
   ̃(  )  ( 2.20 ) 
     {
 (   )
 
 (   )
(   )
 ( 2.21 ) 
The Hilbert-Noda transformation matrix  “allows for the calculation of the asynchronous 
2D correlation spectrum of the discrete data set while circumventing the calculation of 
the Fourier transform of the dynamic spectra”28. 
 
The signs of the peaks in the synchronous and asynchronous spectra provide insight 
into the sequential order of spectral variations that result from the applied perturbation27.  
The sequential order rules are based on the interpretation of the synchronous and 
asynchronous 2D correlation intensities.  When both the synchronous and 
asynchronous peaks of the same coordinates are positive, then the spectral variation 
change at m1 occurs prior to the spectral variation change at m2; however, when the 
asynchronous peak is negative, the spectral variation change at m2 occurs prior to the 
spectral variation change at m1.  The sequential order is reversed when the 
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synchronous peak is positive27.  The rules may be simplified27, 154:  when both of the 
cross-peaks at the same coordinates in the asynchronous and synchronous spectra are 
either positive or negative, then the spectral variation change m1 occurs before m2, and  
when the cross-peaks at the same coordinates in the asynchronous and synchronous 
spectra have different signs, then the spectral variation change m2 occurs before m1.  
The sequential order cannot be determined if a cross-peak intensity in the synchronous 
or asynchronous spectrum is zero155.  The m1 and m2 designations in the 2D correlation 
spectra are determined by the order of the matrix multiplication28.  As long as the 
spectral intensities are “reasonably monotonic” during the observation period, the 
sequential order rules are considered to be “quite reliable” 27. 
 
Another way to analyze the relationship between the synchronous and asynchronous 
spectra is through the global correlation phase angle.  Since the intensities of the 
asynchronous and synchronous spectra may vary by experiment, the ratio of the two 
spectra cancels The effects of the amplitudes10.  The global phase angle is defined as 
the arctangent of the ratio between the asynchronous and synchronous spectra, as 
shown in equation 2.22. 
  (     )        [
 (     )
 (     )
]  ( 2.22 ) 
In the original concept of 2D infrared correlation spectroscopy, where the applied 
perturbation consists of a time-dependent simple sinusoid, the phase angle is 
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determined by first normalizing the asynchronous and synchronous spectra, where the 
phase angle equals the phase shift between the two spectral frequency responses that 
result from the applied perturbation10, 156.  In generalized 2D-COS, when the applied 
perturbation is non-periodic, the term “global correlation phase angle” is used where the 
asynchronous and synchronous spectra are not normalized.  Here the global correlation 
phase angle “serves as a quantitative index, although it does not have a simple physical 
meaning such as a phase shift”10.   
 
The coherence spectrum is similar to the global correlation phase angle spectrum.  The 
coherence spectrum, R, is the ratio of the asynchronous to synchronous spectra24. 
   
 (     )
 (     )
  ( 2.23 ) 
Noda’s sequential order rules may be applied to the coherence spectrum or global 
phase angle156, 157.  If the coherence spectrum (or global phase angle) has a positive 
peak, then the spectral variation change m1 occurs before m2.  If the coherence 
spectrum has a negative peak, then the spectral variation change m2 occurs before m1.  
The sequential order cannot be determined if a coherence peak intensity has a value of 
zero; in other words, when a peak is not observed in the coherence spectrum.  A 
coherence peak will have an intensity of zero if an asynchronous peak has a value of 
zero.  If a synchronous peak has a value of zero, the division of the asynchronous by 
synchronous spectra would result in an undefined value.  To overcome this, the 
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coherence peak intensity is assigned a value of zero.  For the research discussed in this 
work, dissociation mechanisms of precursor ions are studied.  Therefore, any peaks in 
coherence spectrum which corresponds to a correlation between the precursor ion and 
a product ion are referred to as “precursor-product ion peaks”, and any peaks which 
corresponds to a correlation between two product ions are referred to as a “product-
product ion peak”. 
 
 
2.4.2 Applications and Additional Research Utilizing 2D-COS 
  
2D-COS has been widely utilized since its introduction.  Research has been done to 
expand the samples, probes, perturbations, and 2D analysis techniques26, 153, 158.  Over 
the years, many different types of samples have been analyzed158 by 2D-COS, some of 
which include:  polymers, natural products, biomolecules, proteins, and explosives.  
These samples have been studied using a variety of analytical probes such as infrared 
(IR), near-IR (NIR), Raman, fluorescence, luminescence, ultra-violet/visible (UV/Vis), 
dispersive x-ray spectrometry, nuclear magnetic resonance (NMR), chromatography, 
and mass; where, the most popular probe utilized for 2D-COS is IR158.  The applied 
perturbations which resulted in spectral variations in the samples have varied greatly as 
well and include perturbations such as temperature, composition, time-dependent 
chemical and physical reactions, diffusion, evaporation, and electrical and magnetic 
93 
 
perturbations158.  The most popular perturbation studied is temperature followed by 
composition158.  As previously discussed, dynamic spectra are produced as a result of 
the perturbation-induced spectral variations.  Data pre-treatment methods for the 
dynamic spectra have been investigated including selection of an appropriate reference 
spectrum, baseline normalization, principle components analysis (PCA), orthogonal 
signal correction (OSC), and data smoothing158.  In addition to generalized 2D-COS, 
additional methods for correlation analysis of the dynamic spectrum have been 
performed.  Some of these methods include covariance, moving window 2D-COS, 
perturbation correlation moving window 2D-COS, global phase angle, scaling, and 
sample-sample 2D-COS158.  Finally, new methods for presenting and interpreting the 
2D spectra have been explored including further studies into Noda’s sequential order 
rules158. 
 
Several reviews have been written covering the advances in 2D-COS26, 153, 158, 159.  
Some of the research will be addressed, including the use of the global phase angle, 
perturbation correlation moving window 2D-COS, and research utilizing mass spectral 
data.  Use of the global phase angle, defined in equation 2.22, is advantageous in that it 
can provide correlation information about two spectral variables independent of 
amplitude differences156, 157.  In addition, the global phase angle may be used as a 
filtering method to remove noise based on the standard deviation spectrum156, 157.  In 
specific instances, the global phase angle may be used as a “fully quantitative 
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correlation index” when “analytical solutions to the global phase angle function exist”156.  
For instance, when applied to sinusoidal functions, the global phase angle is equal to 
the difference in the phases of the sinusoidal functions156.  When two exponential decay 
functions are analyzed, the global phase angle is proportional to the ratio of the rates of 
decay of the two functions, and when applied to Lorentzian type functions, the global 
phase angle is proportional to the difference in the peak positions156.  The global phase 
angle may not always have a direct physical meaning; however, it is still useful for 
determining the similarity between spectral variables while canceling the amplitude 
information156, 157. 
 
Noda’s sequential order rules have been used to determine the sequential order of 
spectral intensity variations due to an applied perturbation as long as the spectral 
variations occur relatively monotonically154, 160.  These rules have been shown to break 
down under the rare occurrence of cyclical order of events154, when the spectral 
variations have “many ups and downs”155,  and when spectral peaks shift158.  In 
addition, the sequential order rules were pointed out as not being necessary when an 
obvious sequential order exists155, 158.  The sequential order rules may be misinterpreted 
when analyzing Raman, or other spectroscopic data where a single functional group 
results in multiple spectra variables161.  This limitation was overcome by use of cluster 
analysis applied to a slice of the 2D correlation diagram spectrum in order to group the 
variables with simultaneous spectral changes and apply the sequential order rules to 
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the groups161.  This method was used to analyze simulated chemical reaction kinetics 
and experimental Raman data161.  Finally, the sequential order rules are dependent on 
the size of the data (or “window”) used for the 2D-COS analysis150, 158, 162.  This is 
particularly important when an intermediate is present in an evolving process158, 162.  In 
this case, smaller subsets of data may be used for each 2D-COS calculation. 
 
The idea of analyzing smaller subsets of the data by 2D-COS was utilized in moving 
window 2D analysis and later perturbation correlation moving window 2D (PCMW2D) 
analysis153, 163-165.  In moving window 2D analysis, 2D-COS is applied to a segment or 
window of data, then the position of the window is incremented along the perturbation 
axes until all of the perturbations have been analyzed158.  A waterfall plot is created of 
the spectral intensity of the power spectrum as a function of the spectral and 
perturbation variables158.  This method allows “for the rapid identification of the 
characteristic zone of spectral intensity changes along the perturbation axis”158 such as 
determining the temperature of phase transitions or protein folding158, 164.  PCMW2D 
involves the variation of spectral intensity as it is correlated to the perturbation variable 
for a particular window158.  It was found that the synchronous and asynchronous 
correlation intensities corresponding to the selected window were estimated by the first 
and second derivatives of the spectral intensity variation corresponding to the position 
on the perturbation axis, resulting in simplified calculations158.  A new type of waterfall 
plot, called a gradient plot, is produced158, 166, 167.  This method has also been utilized for 
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determination of phase transitions158, 168.  PCMW2D was combined with the global 
phase angle to easily determine the sequential order of spectral variations in highly 
overlapping spectral bands169.  Utilizing a moving window or separating the data into 
smaller subsets allows for points of signal fluctuation to be located which otherwise may 
have been lost when the entire dataset was analyzed using 2D-COS158, 166, 170. 
 
2D-COS has previously been utilized for the study of kinetic reactions153, 158, 161, 171 
including its application to Raman data for studying protein structural changes such as 
for formation of β-sheets via a consecutive mechanism rather than a parallel 
mechanism and analysis of kinetic models involving reversible reactions162, 172.  
Consecutive reactions involving reversible steps were investigated for determining the 
reaction mechanism of an evolving lysozyme158, 162, 173.  Chin and Lin analyzed kinetic 
modeled data for both parallel and consecutive reactions by interpreting the coherence 
spectrum24, 25, shown in equation 2.23.  The applied perturbation for the experiments 
was time where the interval was determined based on the Runge-Kutta-Fehlberg 
method, and a fast Fourier transform program was utilized24.  They modeled the data 
after infrared spectra where the rate constants and absorption coefficients were altered.  
It was shown that when the reference spectrum was set at zero, both the synchronous 
and asynchronous spectra were “almost free from the influence of poor quality signals” 
24, 174.  In addition, a blinding filter was used to remove noise from the asynchronous 
spectrum in the normalization process24.  It was also noted that if the “concentration 
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evolution…is not a monotonic function, the related correlation intensities cannot be used 
to interpret the interrelation between the cross-related species”24.  For the consecutive 
reaction kinetic model data, the coherence spectra showed varying reactant-
intermediate, reactant-product, and intermediate-product correlation intensities24.  The 
ratio of these peak intensities to one another were shown to be dependent on the rate 
constants, while the overall intensities of the peaks were dependent on both the rate 
constants and absorption coefficients24.  On the other hand, for the parallel reaction 
kinetic model data, the reactant-product peaks had equal intensities, and the product-
product peaks were not present regardless of the rate constants; however, the overall 
intensities of the reactant-product peaks were dependent on the rate constants and 
absorption coefficients24.  This is consistent with the analysis using the global phase 
angle in that a direct correlation may be made with by calculating the coherence while 
canceling the amplitudes156, 157.  Additionally, Chin and Lin determined that for the 
consecutive reactions the intermediate could be identified based on the changing sign 
of the cross-peaks in the synchronous spectrum by using the dynamic average as the 
reference spectrum and observing the synchronous spectrum over “successive 
shortened reaction intervals”24.  The effect of noise on the coherence spectrum was also 
studied and was consistent with previous results by Czarnecki174 that when the 
reference spectrum is set to zero the 2D correlation spectra are “free from heavy 
distortion of noise and/or baseline fluctuations”24.  Calculation of the coherence 




Correlation analysis has also been applied to mass spectral data.  Covariance mapping, 
which provides information essentially equivalent to the synchronous spectrum, was 
used to determine the “ion formation mechanism in laser desorption ionization of an 
isolates single nano-particle”158, 176 and the electron impact dissociations of multiply 
ionized isocyanic acid177 and carbonyl chlorofluoride178.  Generalized 2D-COS was first 
combined with ion trap tandem mass spectrometric (MS2) analysis by Sigman and 
Clark28.  They utilized two-dimensional correlation mass spectrometry (2D-CMS) to 
study the dissociation of the precursor ions m-nitrotoluene and nitrobenzene by tandem 
mass spectrometry, where the applied perturbation was the varying CID energy, and the 
excitation time was held constant.  Using the sequential order rules given by Noda, 
Sigman and Clark27, 28 determined that the competitive loss of NO2 to form [M-NO2]
+ 
occurred at a higher CID energy than the loss of NO to form [M-NO]+.  Sigman et al.101 
also applied the same technique to the dissociation of [TATP+H]+ and determined that 
m/z 74 occurred at a lower CID energy than m/z 43, which is consistent with MS3 
analyses showing m/z 43 results from the dissociation of m/z 74.  However, m/z 43 was 
also shown to be formed from m/z 91, and the 2D-COS analysis could not distinguish 
between the two pathways of formation of m/z 43101.  2D-COS has been demonstrated 
to be a useful technique when applied to many different analytical techniques for a 





2.5 Computational Chemistry 
 
Computational chemistry, also known as molecular modeling, allows for chemical 
analysis of molecules on a computer179 by utilizing mathematical methods applied with 
the fundamental laws of physics and chemistry180.  This is particularly useful for gas-
phase ion chemistry181.  Some of the characteristics which may be investigated using 
computational chemistry include: molecular geometry, energies of molecules and 
transition states, chemical reactivity, and various spectra including IR, UV, and NMR179.  
As discussed in section 2.3, computational chemistry has been utilized for the structural 
analysis of TATP, adducts of TATP, adducts of a few open-chained oligoperoxides, and 
for calculating their corresponding adduct dissociation energies.  It has also been used 
to aid in interpretation of mass spectral data181-185.  The history and mathematics 
involved in the various computational chemistry methods are not discussed in detail in 
this brief introduction; however, several books180, 186, 187 and papers181, 188 (only a small 
handful are referenced here) have been written about computational chemistry including 
a good introductory book by Lewars179.  For this dissertation research, computational 
chemistry is utilized to determine optimized geometries and energies for the open-
chained oligoperoxides, their proposed collision induced dissociation product ions, and 
corresponding adducts with sodium and ammonium.  As a result of these calculated 




In computational chemistry, the geometry optimization generally locates the stationary 
point closest to the geometry of the starting material; therefore, an adequate starting 
geometry is desired prior to optimization179.  Initial geometry optimization may be 
performed using semi-empirical methods in order to quickly find a reasonable starting 
geometry from a potential energy surface before optimizing at a higher, more accurate, 
and more time-consuming density functional theory (DFT) level180, as was done in this 
dissertation research.  Semi-empirical calculations are based on the Schrödinger 
equation using approximations for solutions to the wavefunction that include fitting to 
experimental data by parameterization179, 189, while density functional calculations do 
not calculate solutions to the wavefunction, but instead derives the electron density 
function179.  A potential energy surface relates the energy of a molecule(s) and its 
geometry and is often presented graphically179.  For the computations performed in the 
presented research, the starting geometry for optimization was found by creating a 
potential energy map consisting of a potential energy surface created from variations in 
the dihedral angles of the open-chained oligoperoxide backbone.  A stationary point on 
a potential energy surface is defined by the first derivative of the energy with respect to 
the geometric parameter equaling zero179, 180.  The stationary point is then defined to be 
either a minimum, transition state, or hilltop by analysis of the second derivative 
achieved during calculations of the IR frequencies179.  It should be noted that 
identification of a minimum does not guarantee that the global minimum has been 
found179.  The lowest energy structure obtained from the potential energy surface is 
then further optimized and its corresponding energy found using DFT.  In order to 
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determine whether the stationary point identified on a potential energy surface is a 
minimum (or whether the “optimized” geometry of a molecule is a stable geometry), 
transition state, or hilltop, the normal-mode vibrational frequencies are calculated179.  
This calculation results in the calculated IR spectra and should be performed at the 
same level as the geometry optimization179.  A minimum on the potential energy surface 
(or stable geometry) results in all positive (or real) frequencies, transition states result in 
a single imaginary frequency, and an nth-order hilltop (or saddle point) has n imaginary 
frequencies179.  The energy calculated in CAChe using DGauss corresponds to “the 
energy required to separate the molecule into isolated nuclei and electrons”189.  In order 
to account for Heisenberg’s uncertainty principle, a zero-point energy (ZPE) correction 
is calculated, and this value is then added to the energy value179.  The ZPE is calculated 
in the computational chemistry software as a result of calculating the IR frequencies.  
The calculated IR frequencies are often over or under estimated and are generally 
scaled by multiplying by an empirically determined factor179.  The scaling factor for this 
dissertation research is determined by comparing the calculated IR frequencies for 
TATP with those of previously collected experimental data for gaseous TATP190 (as will 
be discussed in section 4.2.1).   
 
The computational chemistry software available for this dissertation research is CAChe 
WorkSystem Pro (Fujitsu Limited 2000-2004)189.  Based on the available exchange-
correlation functionals, basis sets, and previous work10 performed in our laboratory, the 
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Becke191 1988 exchange functional with the Lee, Yang, Parr192, 193 correlation functional 
and generalized Gaussian double zeta valence polarization (DZVP)194, 195 basis set 
(B88LYP/DZVP also known as BLYP/DZVP) are utilized.  B88LYP/DZVP is utilized for 
the geometry optimization as well as calculating the IR frequencies; however, it should 
be noted that for geometry optimization a “high” (0.00001 orbital rotation gradient and 
0.0000001 energy gradient) convergence is utilized while a “medium” (0.00005 orbital 
rotation gradient and 0.0000005 energy gradient) convergence is used for the IR 
calculations.  The potential energy maps are generated using semi-empirical methods 
as previously mentioned utilizing the parametric method number 5.  Parametric method 
number 5 (PM5) is an improvement over the popular PM3 method180 and allows for 





CHAPTER 3 EXPERIMENTAL 
 
The experimental section is divided into two main sections:  two-dimensional correlation 
mass spectrometry (2D-CMS, section 3.1) and computational chemistry (section 3.2).  
The two-dimensional correlation spectroscopy (2D-CMS) method for elucidating 
dissociation mechanisms was first assessed utilizing simple kinetic models (section 
3.1.1.1) and extended to larger kinetic models (section 3.1.1.2) to compare multiple 
dissociation pathways that may be present in a single tandem mass spectrometry 
experiment.  Following the kinetic studies, results of experimental mass spectral data 
are presented including the analysis of simple molecules (section 3.1.2.1) which are 
representative of the simple kinetic models.  Larger molecules (section 3.1.2.2) were 
also analyzed including gentiobiose, which was analyzed in order to compare with 
double resonance excitation results in published research11, 18, and the analysis of 
oligoperoxides (section 3.1.2.1.1) of varying sizes.  These larger molecules are 
representative of the larger kinetic models.  Computational chemistry (section 4.2) was 
utilized to assist in the elucidation of the collision induce dissociation mechanisms.  The 
open-chained oligoperoxides structures, their proposed dissociation products, and the 






3.1 Two-Dimensional Correlation Mass Spectrometry 
 
This section discusses the application of two-dimensional correlation mass 
spectrometry to kinetic models (section 3.1.1) and analysis of molecules (3.1.2). 
 
 
3.1.1 Kinetic Models 
 
As discussed in section 2.2, the mechanisms for dissociation reactions in a quadrupole 
ion trap may be demonstrated by simple first-order kinetic models where a precursor 
ion, A, dissociates to product ions B and C via a parallel mechanism, consecutive 
mechanism, or a combination of the two, termed “mixed” mechanism.  Simple kinetic 
models (models 1-9) are addressed in section 3.1.1.1 while larger (models 10-13) and 





3.1.1.1 Simple kinetic models 
 
Kinetic models involving a single dissociation pathway with only two products ions were 
studied initially to demonstrate the different dissociation pathways.  The dissociation 
pathways investigated include parallel, consecutive, and mixed pathways.  To the 
author’s knowledge, the mixed dissociations as defined in this work have not previously 
been analyzed using generalized two-dimensional correlation. 
 
 
3.1.1.1.1 Data treatment and expanding window coherence plot 
 
The dynamic spectrum matrix (see equation 2.16 in section 2.4.1) was created in 
MSExcel 2007 based on the first-order equations discussed in section 3.1.1.1.2.  The 
synchronous and asynchronous spectra were calculated by Noda’s generalized 2D-
COS calculations (equations 2.19 and 2.20 in section 2.4.1) using either 
Mathematica5.0 or MatLab R2011a software.  When Matlab was used for the 
calculations, the code shown in APPENDIX A was used.  This code was written in-
house by the author.  The coherence spectrum was calculated according to equation 
2.22 in section 2.4.1).  All simple kinetic modeled data were plotted using 




A method for displaying and interpreting the data was explored to differentiate between 
parallel, consecutive, and mixed dissociation mechanisms.  This was achieved by 
examining the variation in the coherence spectral peak intensities as a result of 
increasing the number of perturbations included in the 2D-CMS analysis, termed 
“expanding window coherence”.  As discussed in section 2.4.2, several previous studies 
have been conducted using moving window 2D-COS and perturbation-correlated 
moving window 2D-COS (PCMW2D) where a selected “window” of data is analyzed 
using 2D-COS, and the window is moved stepwise across the entire set of data153, 163-
165.  Additionally, Chin and Lin demonstrated that calculating the coherence intensities 
by separating the data into two parts where the intermediate intensity is rising or falling 
resulted in a change of the asynchronous peak sign allowing for easy identification of 
the intermediate25.  In the work presented in this dissertation, an expanding window 
waterfall plot created using data from coherence spectra (see equation 2.23 in section 
2.4.1) is demonstrated to be useful in interpreting the dissociation mechanisms.  The 
expanding window coherence plots are created by calculating the coherence intensities 
using only the data from the first two perturbations then the window is expanded to 
include the next perturbation, and then expanded to the first four perturbations.  This 
process is continued until all perturbations have been included in the coherence 
calculations.  Recall that the coherence spectrum is inversely mirrored about the 
diagonal; therefore, the peak intensities on one side of the diagonal are equal to those 
on the other side of the diagonal with reversed signs.  For this reason, only those peaks 
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corresponding to the values to the left of the m1 x m2 matrix diagonal are used to 
generate the peaks in the expanding window coherence plots.  Any coherence peaks 
(m1/m2) that correspond to an intersection of the mass-to-charge values of the precursor 
ion with a product ion are further referred to as “precursor-product ion peaks” while 
those that correspond to the intersection of the mass-to-charge values of two product 
ions are further referred to as “product-product ion peaks”.  When specifically describing 
the consecutive kinetic models, those peaks corresponding to the intersection of the 
intermediate primary product ion and the secondary product ion which results from 
subsequent dissociation of the intermediate product ion are referred to as “intermediate 
product-product ion peaks”.  As a result of tabulating the data in rows prior to creating 
the plot (shown in the Matlab code in APPENDIX A), the expanding window coherence 
plot shows all of the precursor-product ion peaks on one side of the plot and the 
product-product ion peaks on the other side. [Note that for the kinetic models and 
simple molecules presented in the results section, CHAPTER 4, the precursor-product 
ion peaks are located on the opposite side than for the larger molecules such as the 
oligoperoxides.  This was simply a result of how the data was tabulated.]  The 
expanding window coherence plot therefore is a graphical representation of how the 
coherence peak intensities vary as the perturbation window used for calculating the 
coherence intensities is increased by one perturbation until all perturbations have been 
used to calculate the coherence intensities.  The coherence peaks, R(m1,m2), were 
labeled in the form “m1/m2” in the expanding window coherence plots and referred to by 
this notation in this dissertation (i.e. The precursor-product ion coherence peak 
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corresponding to the relationship between the precursor ion, A, and the product ion, B, 
was referred to as “A/B” while the product-product ion coherence peak corresponding to 
the relationship between the two product ions, B and C, was referred to as “B/C”.  When 
assigned mass-to-charge values were used, for instance m/z 100 and m/z 75, the 
coherence peak corresponding to these two ions was labeled as “100/75”). 
 
 
3.1.1.1.2 Parallel, consecutive, and mixed dissociations 
 
For a parallel dissociation mechanism, the precursor ion, A, dissociates to two product 
ions, B and C, shown in the schematic diagram in Figure 3.1. 
 
 




The rates of dissociation of the precursor ion, A, to the product ions, B and C, are given 
by kab and kac, respectively.  First-order kinetic equations were used in the model for 
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For a consecutive dissociation mechanism, the precursor ion, A, dissociates to the 
intermediate product ion B, which then further dissociates to product ion C, shown in the 
schematic diagram in Figure 3.2. 
 
 
Figure 3.2:  Schematic diagram of consecutive dissociation 
 
The variables kab and kbc in Figure 3.2 correspond to the rates of dissociation of the 
precursor ion A to the intermediate product ion B and intermediate product ion B to the 
product ion C, respectively.  The differential equations used for the ions are found in 
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For a mixed dissociation mechanism, which includes both parallel and consecutive 
dissociation mechanisms, the precursor ion, A, dissociates to the intermediate product 
ion B as well as product ion C.  The intermediate product ion B also further dissociates 
to product ion C, shown in the schematic diagram in Figure 3.3. 
 
 
Figure 3.3:  Schematic diagram of mixed dissociation 
 
In the figure, the variables kab, kbc, and kac are the rates of dissociation of the precursor 
ion A to the intermediate product ion B, intermediate product ion B to the product ion C, 
and precursor ion A to product ion C, respectively.  The differential equations utilized 
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For 2D-CMS analysis, a matrix of dynamic spectra (see equation 2.16 in section 2.4.1) 
over a perturbation range was created.  A “mass-to-charge x time” matrix was created in 
MSExcel2007.  The range of mass-to-charge values was arbitrarily assigned from 1 to 
100 with an increment of 1 m/z.  The modeled ions A, B, and C were arbitrarily assigned 
the mass-to-charge values of 90, 75, and 60, respectively, with ion concentrations 
determined from the first-order kinetic equations previously described.  In the models, 
the precursor ion, A, were set at an initial concentration of one.  The perturbation in the 
models was time, t, where tmin=0 with an incremental increasing perturbation of 0.07 a.u. 
to tmax=1.40.  A series of nine models were constructed by varying the dissociation rate 
constants.  Refer to Table 3.1 for list of rate constant values used for each model.  The 
concentrations corresponding to all other mass-to-charge values were assigned a value 
of zero.  A zero reference spectrum was used; therefore, the dynamic spectrum was 




Table 3.1:  Dissociation rate constants for modeled data (Models 1-9) 
Model  Dissociation Mechanism 
Rate Constants 
kab kac kbc 
1 Parallel 1 2 0 
2 Parallel 1 1 0 
3 Parallel 2 1 0 
4 Consecutive 1 0 2 
5 Consecutive 1 0 1 
6 Consecutive 2 0 1 








1 1 0.1 
 
 
3.1.1.1.3 Factors affecting interpretation of results 
 
The effects of random noise and sampling frequency were investigated.  The slight 
deviation of the experimental coherence spectral intensities from the modeled 
coherence spectral intensities was investigated by taking into consideration 
experimental noise.  To account for experimental noise, random noise on the order of 
10-3-10-4 was added to the modeled data using a random number generator in 
MSExcel2007 (and MSExcel2010).  To further demonstrate the robustness of the 2D-
CMS technique with noise, additional models were created where the noise was on the 
order of 10-2-10-3.  The effects of random noise were tested for models 2, 5, and 7, 




In order to establish the effects of sampling frequency on the ability to determine the 
kinetic dissociation pathway, the kinetic models previously mentioned for parallel, 
consecutive, and mixed reactions were examined after omitting data points.  All of the 
rate constants were equal to one for these models, and the numbers of data points were 
reduced from 21 to seven so the remaining seven data points were still separated by 
equal increments.  The remaining data points were analyzed by 2D-CMS.  The effects 




3.1.1.2 Larger kinetic models 
 
Simple kinetic models (models 1-9) were addressed in section 3.1.1.1.  In this section, 
dissociation of a precursor ion to several product ions involving parallel, consecutive, 
and mixed dissociation pathways are presented which were investigated to allow for 
comparison of the three dissociation mechanisms as they may occur in a single 
experiment.  The larger kinetic models (models 10-13) allow for a comparison of the 
different simple dissociation models combined in a single data set in order to simulate a 
precursor ion that dissociates to several product ions by different dissociation pathways.  
Factors that influence the interpretation of the dissociation mechanisms are discussed 
in section 3.1.1.2.3 and include models 15-17. 
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3.1.1.2.1 Data treatment and expanding window coherence plot 
 
As the results and discussion of the simple molecule experiments in section 4.1.1.1 will 
show, the different dissociation mechanism can be distinguished based on their 
corresponding expanding window coherence plots.  For this reason, only simulated 
breakdown curves and expanding window coherence plots are presented for the larger 
kinetic models.   
 
For each analysis, a simulated breakdown curve was created.  Multiple expanding 
window coherence plots are shown including the full plot, a plot of only the precursor-
product ion correlation peaks, and a plot of only the product-product ion correlation 
peaks.  When larger intensity peaks in the product-product ion plots were observed, an 
additional plot was created which excludes the more intense product ions so the less 
intense product ions were more visible.  Unlike the simple kinetic models plotted using 
SigmaPlot11.0, MSExcel 2007 was used for the larger kinetic models as expanding 
window coherence plots generated in MSExcel 2007 were easier to interpret than other 





3.1.1.2.2 Parallel, consecutive, and mixed dissociations 
 
Four larger first-order kinetic models (models 10-13) were generated, as described in 
section 3.1.1.1.1, based on the dissociation scheme shown in Figure 3.4. 
 
 
Figure 3.4:  Computer generated model dissociation scheme for models 10-13 
 
To simplify the visualization of the results, the assigned mass-to-charge values for each 
type of dissociation mechanism were chosen to allow for grouping based on the values.  
The time increment used for all of the first-order kinetic equations was 0.035 a.u.  The 









k100->75 k100->60 k75->60 k100->50 k100->30 k100->20 k20->10 
10 All rates equal 1 1 1 1 1 1 1 1 










2 0.1 1 1 0.2 1.25 0.1 
 
For model 11, the rate constants were selected to result in product ions with a variety of 
intensities to more accurately simulate the range of intensities observed in the analysis 
of oligoperoxides (see section 4.1.2.2).  The data was treated as previously described 
for the simple kinetic models in section 3.1.1.1.3.  The expanding window coherence 
plots also discussed in that section were again generated. 
 
 
3.1.1.2.3 Factors affecting interpretation of results 
 
The effects of random noise, sampling frequency, and the presence of a fragile ion were 
addressed.  In addition, the effects of an additional dissociation pathway on data 
interpretation were also investigated along with more complex mixed dissociations.  The 
random noise was treated differently than in section 3.1.1.1.3 to simulate observed 
experimental data.  For the noise model, the amount of noise added was dependent on 
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the precursor ion intensity, since analysis of the oligoperoxides revealed that the 
amount of noise observed in the breakdown curves increased as the precursor ion 
intensity decreased.  A noise matrix was created using a random number generated in 
MSExcel multiplied by 0.01 [=rand()*0.01].  This noise matrix was added to the kinetic 
model matrix by the following formula:  (Data matrix)+[(1-precursor intensity)*(noise 
matrix)].  The data was then re-normalized to sum to one for each time.  Noise was 
added to model 11. 
 
For the study of the effects of sampling frequency, the second and third data points of 
model 11 were excluded out of every three data points.  For the simulations of a fragile 
ion (described in section 2.1.4) or an ion which dissociates to a product ion that falls 
below the low mass cut-off, a consecutive model was created where the final product 
ion was not included in the results (model 14).  The parallel dissociation product ion, 





Figure 3.5:  Computer generated model 14  dissociation scheme for the simulated 
fragile ion, m/z 50 
 
The rate constants for the dissociation mechanism are tabulated in Table 3.4 
 




k100->75 k100->60 k75->60 k100->50 k100->30 k100->20 k20->10 k50->loss 
14 2 0.1 1 1 0.2 1.25 0.1 5 
 
The data was then re-normalized to sum to one for each time where the intensities 
corresponding to the secondary product ions of m/z 50 were not included. 
 
The previous models demonstrated the different dissociation pathways possible when 
two product ions are formed from a precursor ion:  parallel, consecutive, and mixed.  
However, when more than two product ions are produced, several additional 
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dissociation pathways may exist which include combinations of the three previous 
methods such as a mixed dissociation where one of the product ions further dissociates 
via an additional consecutive path.  In addition, a secondary product ion may be formed 
from two different intermediate product ions.   
 
Additional models were created to demonstrate some of the more complex dissociation 
processes.  Model 15 was created to demonstrate the 2D-CMS results for a secondary 
product produced from two different intermediate product ions, where the dissociation 
scheme is shown in Figure 3.6. 
 
 
Figure 3.6:  Computer generated model 15 including a secondary product ion produced 
from two different intermediate product ions 
Models 16-17 were created to demonstrate The effects of more complex mixed 





Figure 3.7:  Computer generated model (16-17) including more complex mixed 
dissociations 
 
The assigned rate constants values are summarized in Table 3.4 along with the values 




Table 3.4:  Dissociation rate constants for larger modeled data with more complex 




15 16 17 
k100->75 0 1 2 
k100->60 0 1 1.5 
k75->60 0 1 0.2 
k100->58 0 1 2 
k100->55 0 1 1 
k100->52 0 1 0.4 
k58->55 0 1 0.3 
k55->52 0 1 0.2 
k100->50 1 1 1 
k100->30 0.2 1 0.2 
k100->28 0 1 0.4 
k100->25 0 1 0.8 
k28->25 0 1 0.3 
k25->23 0 1 0.2 
k100->20 1.25 1 1.25 
k20->10 0.1 1 0.1 
k100->8 1 0 0 
k20->5 1 0 0 
k8->2 0.2 0 0 
k 5->2 0.1 0 0 
 
Like models 10-13, these models included parallel, mixed, and consecutive 
dissociations; however, they also included two larger mixed dissociations.  The first 
mixed dissociation involved three primary product ions that result from parallel 
dissociation of the precursor ion (m/z 58, 55, and 52), and the second involved two 
primary product ions (m/z 28 and 25) from parallel dissociation of the precursor ion and 
an additional consecutive dissociation to a secondary product ion (m/z 23).  The 
assigned mass-to-charge values were again selected to allow for grouping of the 
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different dissociation mechanisms.  Models 16-17 differed in terms of the rate constant 
values, which are summarized in Table 3.4.  In model 16, all of the rate constants were 
set equal to one.  In Model 17, the rates were varied, and the consecutive dissociation 
rates were selected to be equal to or less than 0.3 in order to simulate the a low 
production of secondary product ions as may be observed in a quadrupole ion trap 
during the “slow heating“ CID method discussed in section 2.2.  In all three of the 
models, the time increment was 0.35 a.u.  Comparisons of the coherence peak 
intensities for all of the different types of dissociation mechanisms are discussed.   
 
 
3.1.2 Analysis of Molecules 
 
The two-dimensional correlation mass spectrometry (2D-CMS) method was applied to 
mass spectral data.  Simple molecules with known dissociation pathways were first 





3.1.2.1 Simple Molecules 
 
Simple molecules with known or proposed dissociation pathways were analyzed.  The 
reason for their analysis is discussed in section 3.1.2.1.1, and the experimental details 
are discussed in section 3.1.2.1.2. 
 
 
3.1.2.1.1 Reason for analysis 
 
The reasons why each simple molecule was chosen for analysis are discussed in this 
section.  MEK was chosen as a simple molecule to represent a parallel dissociation.  
MEK (M•+ of m/z 72) is known to fragment via parallel α-cleavage pathways57 with loss 
of the two alkyl groups to form the product ions m/z 57 and m/z 43, as shown in Figure 





Figure 3.8:  Schematic diagram of MEK dissociation 
 
 
In order to ensure that MEK was an adequate model of a parallel dissociation reaction, 
it was necessary to show that the product ion m/z 57 could not further dissociate to form 
the other product ion, m/z 43.  d3-Methyl ethyl ketone (d3-MEK) was synthesized and 
analyzed by tandem mass spectrometry.  d3-MEK should also fragment via α-cleavage 
to result in product ions m/z 57 and m/z 46, as shown in Figure 3.9.   
 
 
Figure 3.9:  Schematic diagram of d3-MEK dissociation 
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If m/z 57 further fragmented to give m/z 43, it would have been apparent in the tandem 
mass spectrometry experiments of d3-MEK, as the product ion m/z 43 would have been 
observed in addition to m/z 46 and m/z 57. 
 
TES has been used as a thermometer molecule since it has a defined dissociation 
pathway73; therefore, it was analyzed.  Tetraethylsilane (TES) is reported to undergo a 




Figure 3.10:  Schematic diagram of TES dissociation 
 
Recall that in an MS2 experiment, only the precursor ion is selectively excited and can 
absorb energy75; therefore, the ratio of the product ions will be a measure of the internal 
energy that is deposited into the precursor ion52, 75.  The activation energies52 for the 
three consecutive dissociation steps are 0.5 eV, 2 eV, and 3.5 eV.   
 
The possibility of ion-molecule complexes formed in the quadrupole ion trap and ion 
losses were considered.  Tandem mass spectral experiments on MEK were performed 
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to look for potential mass-to-charge (m/z) peak intensities that may have resulted from 
ion-radical complexes between the precursor ion and the methyl and ethyl radicals 
which would have resulted in mass spectral peaks at m/z 87 and m/z 101, respectively.  
Ion-molecule reactions consisting of water adducts which have been observed 
previously52 in very low abundances in the analysis of TES were also considered.  Ion 
losses that may occur due to the precursor ion dissociating or the product ions 
undergoing further dissociation to result in ions with mass-to-charge ratios below the 
low mass cut-off should be considered as well. 
 
The open-chained oligoperoxide trimer is a side-product of the synthesis of triacetone 
triperoxide (TATP) which is a primary high explosive10, as discussed in section 2.3.  
Previous tandem mass spectrometry experiments on the sodiated oligoperoxide trimer, 
[H(OOC(CH3)2)3OOH+Na]
+ with m/z 279, revealed two main product ions10:  m/z 249 
and m/z 173.  The product ion m/z 249 results as a loss of C2H6 from the precursor ion 
and was confirmed10 using the deuterated analog which results in a loss of C2D6.  The 
proposed structures of the precursor and product ions are shown in Figure 2.17 (in 
section 2.3.1) along with a previously proposed10 dissociation scheme for the 
oligoperoxide trimer.  For these reasons, the open-chained oligoperoxide trimer was 





3.1.2.1.2 Experiment details 
 
The experimental details for the simple molecules will be discussed in this section.  
Samples and the synthesis of d3-MEK will be discussed in section 3.1.2.1.2.1, the 
instrument parameters in section 3.1.2.1.2.2, and data analysis in section 3.1.2.1.2.3.   
 
 
3.1.2.1.2.1 Samples and Synthesis Methods 
 
Commercial brand Klean-Strip MEK was used.  TES was purchased from Sigma Aldrich 
with purity 99%.  The sodiated oligoperoxide trimer [H(OOC(CH3)2)3OOH+Na]
+ along 
with additional oligoperoxides and TATP, were synthesized1 by licensed personnel by 
combining 200 μL of acetone and 200 μL of 35 wt.% hydrogen peroxide.  The solution 
was allowed to cool to below 10°C by sitting on ice before 5 μL of concentrated sulfuric 
acid was added, and the resulting solution carefully mixed.  An additional 10 μL of 
sulfuric acid was then added, and the solution allowed cool on ice for 40 minutes before 
stirring again.  After approximately an hour and a half, purified water was added and the 
solution filtrated using a vacuum.  The remaining solid was dissolved in 500 μL 
methanol (company and grade).  A 1:100 dilution in methanol was prepared for analysis 
by ESI-MS2, where the trimer precursor ion, m/z 279, was isolated and fragmented 
according to the MS parameters shown in Table 3.5.   
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The synthesis of d3-MEK was based on the synthesis protocol for methyl ketones from 
carboxylic acids196 and is described in Figure 3.11.   
 
 
Figure 3.11:  Synthesis of d3-MEK from propanoic acid 
 
A reflux-condensation assembly was used consisting of a 100 mL three-neck flask, 
mechanical stirrer, reflux condenser, pressure equalizing dropping funnel, and bubbler 
to allow argon flow over the system.  Powdered lithium hydride (0.0174 mol) and 10.00 
mL of dried 1,2-dimethoxyethane (DME) were stirred vigorously while a solution 
containing 0.0150 moles of propanoic acid and 10.00 mL of DME was added drop-wise 
over 10 minutes.  The mixture was stirred and heated to reflux for 2.5 hours forming 
lithium propanoate and hydrogen.  The suspension was cooled to 10°C.  While stirring 
vigorously, 34 mL of an ethereal solution containing methyl-d3-lithium (0.0170 mol) was 
added drop-wise 30 minutes.  The solution was stirred for two hours at room 
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temperature.  0.032 mol of concentrated hydrochloric acid was added with 40 mL of 
water followed by rinsing with 10 mL of diethyl ether.  The mixture was saturated with 
sodium chloride and the organic phase separated.  An extraction was performed with 
three 15 mL portions of diethyl ether, dried over sodium sulfate, and distilled using a 
Vigreux column.  The product, d3-MEK was not isolated from the solution; however, the 
components were separated using gas chromatography, and the d3-MEK precursor ion, 
m/z 75, was isolated by tandem mass spectrometry.   
 
 
3.1.2.1.2.2 Instrumentation and Parameters 
 
Four simple molecules were analyzed: methyl ethyl ketone (MEK), d3-methyl ethyl 
ketone (d3-MEK), tetraethylsilane (TES), and the sodiated oligoperoxide tramer
10 
[H(OOC(CH3)2)3OOH+Na]
+.  The first three molecules were analyzed by electron 
ionization-tandem mass spectrometry (EI-MS2) with a stretched quadrupole ion trap, 
and the sodiated oligoperoxide trimer [H(OOC(CH3)2)3OOH+Na]
+ was analyzed by 
electrospray ionization-tandem mass spectrometry (ESI-MS2) with a stretched 
quadrupole ion trap.  Although in this work the simple molecule is referred to as TES, 
the molecular ion [Si(C2H5)4]
•+ (m/z 144) was not observed at a high enough intensity to 
allow for an MS2 experiment; therefore, the precursor ion studied was [Si(C2H5)3]
+ (m/z 
115) which results from a loss of an ethyl group from TES.  In the tandem mass 
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spectrometry experiment, the precursor ion, m/z 115, was isolated and fragmented 
according to the MS parameters shown in Table 3.5.   
 
The simple molecules MEK, d3-MEK, and TES experiments were analyzed using a 
ThermoFinnigan Trace GC 2000 coupled to a PolarisQ ion trap (ThermoFinnigan Corp., 
Austin, TX, USA).  A HP-5MS column (30m x 0.25 mm x 0.25 µm) from Agilent (Agilent 
Technologies, Santa Clara, CA, USA) was used.  Helium was used as the carrier gas 
and maintained at a flow of 0.9 mL/min.  For analysis of MEK and d3-MEK, the oven 
temperature was maintained at 35°C, and for the analysis of TES, the oven temperature 
was initially 55°C and immediately ramped 10°C/min to 100°C.  A volume of headspace 
was injected into the split/splitless injection port used in the splitless mode, and the 
injection port temperature was maintained at 150°C.  For all three experiments, the 
following MS parameters were used:  200°C source temperature, 200°C transfer line 
temperature, helium damping gas with flow of 0.3 mL/min, 3 microscans per event, a 
max ion time of 25 ms, precursor isolation width of 1 m/z on either side of the precursor 
ion, isolation time of 30 ms, and the trapping potential was maintained with a qz value of 
0.300.  The sodiated oligoperoxide trimer, [H(OOC(CH3)2)3OOH+Na]
+, experiment was 
analyzed using a ThermoFinnigan LCQ Duo quadrupole ion trap mass spectrometer 
with electrospray ionization interface (ThermoFinnigan Corp., Austin, TX, USA).  Direct 
injection into the mass spectrometer was accomplished using a 5 μL injection loop.  The 
mobile phase was approximately 3.6 mM sodium acetate in 80/20 methanol/water with 
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a flow rate of 106 μL/min.  The heated capillary was maintained at 80°C, the sheath gas 
was nitrogen at a flow of 20 mL/min.  The sodiated oligoperoxide trimer, 
[H(OOC(CH3)2)3OOH+Na]
+, was analyzed using positive polarity, with 3 microscans per 
event, a maximum ion time of 200 ms, precursor isolation width of m/z 3 on either side 
of the precursor ion, an isolation time of 30 ms, and the trapping potential was 
maintained with a qz value of 0.300.  The remaining MS
2 parameters are listed in Table 
3.7.  Xcalibur1.3 and Xcalibur1.4 software (ThermoFinnigan Corp., Austin, TX, USA) 
were used. 
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aΔ represents the perturbation increment.  bThe [H(OOC(CH3)2)3OOH+Na]
+ injection 
was a 5 μL liquid injection and not a headspace injection. 
 
In addition, MS3 experiments were performed for TES and the sodiated oligoperoxide 
trimer, [H(OOC(CH3)2)3OOH+Na]
+.  For the TES MS3 experiment, the product ion m/z 
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87 was isolated and subsequently dissociated by a CID experiment.  For the sodiated 
oligoperoxide trimer, [H(OOC(CH3)2)3OOH+Na]
+, the product ion m/z 249 was isolated 
using a wide isolation window since m/z 249 is considered a fragile ion based on its 
peak shape (see section 2.1.4) and dissociated by a CID experiment. 
 
The possibility of ion-molecule complexes formed in the quadrupole ion trap and ion 
losses are considered.  Tandem mass spectral experiments on MEK are performed to 
look for potential mass-to-charge peak intensities that may result from ion-radical 
complexes between the precursor ion and the methyl and ethyl radicals which would 
result in mass spectral peaks at m/z 87 and m/z 101, respectively.  Ion-molecule 
reactions consisting of water adducts which have been previously52 observed in very 
low abundances in the analysis of TES are also considered.  Ion losses that may occur 
do to the precursor ion dissociating or the product ions undergoing further dissociation 
to result in ions with mass-to-charge ratios below the low mass cut-off should be 





3.1.2.1.2.3 Data Analysis 
 
The dynamic spectrum matrix was created in MSExcel 2007.  The simple molecule 
tandem mass spectra were background subtracted and normalized so the sum of the 
mass-to-charge intensities equaled to one for each perturbation.  For the data treatment 
prior to calculating the synchronous and asynchronous spectra, the dynamic spectrum 
was formed with a zero reference spectrum, and the intensities of the mass-to-charge 
ions other than the precursor and product ions were set to zero.  The synchronous and 
asynchronous spectra were calculated by Noda’s generalized 2D-COS calculations (see 
section 2.4.1) using Mathematica5.0 software.  The coherence spectrum was calculated 
according to equation 2.23.  All simple molecule data were plotted using SigmaPlot11.0.   
 
 
3.1.2.2 Larger molecules 
 
Larger molecules with known or proposed dissociation pathways were analyzed.  The 
reason for their analysis is discussed in section 3.1.2.2.1, and the experimental details 




3.1.2.2.1 Reason for analysis 
 
Asam and Glish studied the linkage type dependent dissociation pathways of sodium 
and lithium adducts of disaccharides using quadrupole ion trap mass spectrometry 
utilizing tandem mass spectrometry, MSn, and double resonance experiments11.  One of 
the disaccharides analyzed was lithiated gentiobiose.  The product ions were 
determined previously197 to occur from the fragmentation shown in Figure 3.12, and an 





































Figure 3.12:  Fragmentation of monolithiated gentiobiose by (a) cleavage of the 
reducing sugar ring and (b) glycosidic linkage cleavage 
Note:  Adapted with permission from “Linkage position determination in lithium-
cationized disaccharides:  tandem mass spectrometry and semiempirical calculations” 
by G.E. Hofmeister, Z. Zhou, and J.A. Leary, 1991, Journal of the American Chemical 




Two of the product ions of gentiobiose were specifically studied.  These two product 
ions were m/z 289 corresponding to [(M+Li)-C2H4O2]
+, and m/z 229 corresponding to 
[(M+Li)-C4H8O4]
+.  Asam and Glish wanted to determine whether m/z 229 was produced 
directly from the loss of C4H8O4 from the precursor ion or through two sequential losses 
of C2H4O2 where the intermediate was m/z 289.  An MS
3 experiment demonstrated that 
product ion m/z 289 may dissociate to form the product ion m/z 229 as well as other 
ions11.  This indicated that at least some of the m/z 229 product ions may result from a 
consecutive dissociation of m/z 289.  A double resonance experiment was performed 
where a secondary resonance excitation signal was applied to the end cap at the 
resonant frequency of m/z 289 during the MS2 experiment to dissociate gentiobiose; 
therefore, the product ion m/z 289 could not be trapped.  If the product ion m/z 229 
resulted from a consecutive dissociation of m/z 289, then m/z 229 would not be 
observed, if m/z 229 resulted from both a consecutive dissociation of m/z 289 and a 
direct dissociation of the precursor ion, then the intensity of m/z 229 would be reduced 
compared to its intensity when m/z 289 was trapped; however, if the product ion m/z 
229 resulted from a direct dissociation of the precursor ion, then its intensity would not 
change compared to the first figure.  The latter occurred for the double resonance 
experiment confirming that the product ions m/z 289 and m/z 229 were formed via 
parallel (or competitive) dissociation of the precursor ion even though the MS3 
experiment11 determined that it would be possible to form m/z 229 from m/z 289.  This 
demonstrated that dissociation pathways accessed for MS3, which utilizes two 
collisional activation steps, may not necessarily be those achieved by MS2 experiments 
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that utilizes a single collisional activation step11, 12.  For the experiment, the CID energy 
was between 400 and 800 mV for 20 ms with a qz value 0f 0.35.  Resonance ejection 
was performed with βz=0.96.  Based on the results of this study, β-gentiobiose was 
chosen to be analyzed to determine if the 2D-CMS method would also confirm that m/z 
229 and m/z 289 may be formed via parallel dissociation of the precursor ion when a 
low CID energy is applied with the excitation time as the perturbation.  As the CID 
energy is increased, the two product ions are expected to deviate from a purely parallel 
dissociation as higher energy dissociation pathways are achieved.   
 
As discussed in the introduction (see CHAPTER 1), open-chained oligoperoxides were 
observed as side-products of the synthesis of TATP.  Preliminary tandem mass spectral 
analyses resulted in proposed dissociation mechanisms (see section 2.3.12.3.1); 
however, these mechanisms were based on the results of several MSn experiments.  As 
described in the analysis of gentiobiose in section 3.1.2.2.1, the dissociation pathway 
achieved by MSn analyses where n>2 are not necessarily those achieved by MS2.  In 
addition, the dissociation products were observed to differ depending on whether a 
sodium or ammonium adduct was formed.  Little work has previously been published on 
the collision induced dissociation of these open-chained oligoperoxides in the 




3.1.2.2.2 Experiment details 
 
 
3.1.2.2.2.1 Data analysis  
 
The dynamic spectrum matrix was created in MSExcel 2007, and like the larger kinetic 
models (see section 3.1.1.2.1), only those values corresponding to the precursor ion 
and selected product ions are included in the dynamic matrix spectrum.  For the 
analysis of the oligoperoxides, only the product ions peaks with a normalized 
abundance greater than one percent are utilized for the 2D-CMS calculations.  2D-CMS 
calculations were performed in Matlab with the code shown in APPENDIX A.   
 
   
3.1.2.2.2.2 Gentiobiose 
 
β-Gentiobiose was purchased from Sigma Aldrich (purity ≥85% remainder primarily α-
anomer).  Solutions concentrations were determined according to previous11 ESI 
analysis of β-gentiobiose (described in section 3.1.2.2.1).  A solution of approximately 
250 µM each of gentiobiose and lithium chloride was prepared in 75:20:5% methanol, 
water, and glacial acetic acid.   
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Samples were analyzed using a ThermoFinnigan LCQ Duo (ThermoFinnigan, San 
Jose, CA) with ESI interface.  Operating conditions were spray voltage 4.5 kV, capillary 
voltage 44 V, heated capillary temperature 125°C, nitrogen sheath gas 20 L/min, with 
no auxillary gas.  The heated capillary temperature was chosen based on previous ESI 
analysis of β-gentiobiose198.  The other parameters were selected by tuning to [M+Li]+, 
m/z 349.  The samples were directly infused using a syringe pump at a flow rate of 106 
µL/min.   
 
MS3 experiments were performed to determine possible dissociation pathways where 
the precursor ion, m/z 349, was isolated and dissociated followed by isolation and 
dissociation of the product ions of interest:  m/z 331, 289, 259, and 229.  MS2 
experiments were performed on the precursor ion, m/z 349, for analysis by 2D-CMS.  
The isolation width was 3 amu and the trapping parameter, qz, was 0.350 (chosen 
based on previous11 work discussed in section 3.1.2.2.1).  MS2 experiments for 2D-
CMS analysis were performed where the CID energy was held constant and the 









27 0.03-120.03 (Δ15) 
30 0.03-120.03 (Δ15) 
40 0.03-24.03 (Δ3) 
50 0.03-8.03 (Δ1) 
aPercentage of 5 Vp-p, 
bΔ represents the perturbation increment.   
 
The experiments were performed with the excitation time as the applied perturbation 
after preliminary studies indicated that the formation of breakdown curves with 
excitation time as the applied perturbation and the CID energy kept low allowed for the 
production of expanding window coherence plots which indicated that the product ions 
were produced through parallel dissociations of the precursor ion.  Four different CID 
energies were investigated.  The CID energy is expressed as a percentage of 5 Vp-p 
which corresponds to the amplitude of the potential applied to the end-cap electrodes 
during resonance excitation22.  The excitation time range started at 0.03 ms and was 
extended until the precursor ion had an abundance of approximately zero.  A limiting 
factor of the experiment is the range of excitation times that may be applied using the 
software.  For the LCQ Duo, a maximum excitation time that may be applied is 400 ms.  
Multiple injections were performed until approximately 100 average scans were 
collected.  For the 2D-CMS analysis, while several product ions were observed, only the 
product ions m/z 289 and m/z 229 were of interest; therefore, in order to simplify the 
results only those product ions that are known to occur via parallel dissociation are 
included in the 2D-CMS results (dissociation schematic shown in Figure 3.12 in section 
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3.1.2.2.1).  These ions include m/z 331, 289, 259, and 229.  The data was normalized 




Oligoperoxides were prepared according to reported methods for the synthesis of 
TATP1 and as described in section 3.1.2.1.2.1.  TATP is sensitive to shock and friction 
and should only be prepared in small quantities by qualified personnel.  For instrumental 
analysis, the resulting sample solution of TATP and oligoperoxides was diluted to a 
solution of approximately 3 mM ammonium acetate or sodium acetate solution in 80:20 
methanol/water. 
 
A ThermoFinnigan LCQDuo, fitted with electrospray ionization (ESI) interface, was used 
for the analyses of the oligoperoxides.  The instrument was tuned using a caffeine 
standard in either ammonium or sodium acetate solution.  The ESI source was operated 
in the positive mode with the heated capillary maintained at 80°C, source voltage of 4.5 
kV, source current of 80 µA, and capillary voltage of 46 V.  Nitrogen was used as the 
sheath gas with a flow of 20 a.u.  Using a syringe pump, the sample solution was 
directly infused into the mass spectrometer at a rate of 106 µL/min.  Approximately 100 
scans were averaged for each MS2 analysis.  For MS2 experiments, the isolation width 
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was 3 amu.  The trapping parameter, qz, was 0.300 for the trimer (n=3) and tetramer 
(n=4) oligoperoxides ammonium adducts and 0.250 for the pentamer through the 
octamer (n=5-8) oligoperoxide ammonium adduct precursor ions.  The corresponding 
low mass cut-off values for the trimer through the octamer were:  m/z 90, 110, 115, 135, 
155, and 175.  For the sodiated oligoperoxides, the qz value was 0.250 for the trimer 
through the octamer with the following corresponding low mass cut-off values:  75, 95, 
115, 135, 155, and 175.  The applied CID energy, defined in the Xcalibur software as a 
percent of 5 Vp-p, and the amount of time the energy was applied, defined as the 
excitation time, are summarized in Table 3.7.  The instrument method included multiple 
scan events where the number of scan events and perturbation increment were 
dependent on the applied perturbation range (i.e.  for excitation time range 0.03-80.03 
ms with a change of 10 ms required 9 scan events with the excitation times for each 
event corresponding to: 0.03, 10.03, 20.03, …, 80.03 ms).  Approximately 100 averaged 
scans (with 3 microscans per scan) were collected for each scan event.   
 
Three different tandem mass spectrometry experiments were performed for each of the 
sodiated and ammonium adduct oligoperoxides (n=3-8) precursor ions.  In the first 
experiment the CID energy was held constant at 20% of 5 V, and the applied 
perturbation was the excitation time.  In the second experiment, the applied perturbation 
was again the excitation time, with the CID energy held constant at 30% of 5 V.  In the 
third experiment, the excitation time was held constant, and the applied perturbation 
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was the CID energy.  Each of the three experiments were performed for each 
oligoperoxide precursor ion ranging from the trimer through the octamer with either an 
ammonium or sodium adduct.  Table 3.7 and Table 3.8 summarize the MS2 
experimental parameters for the three different experiments and their corresponding 
precursor ion for the ammonium and sodium adducts, respectively.  It is important to 
remember that although the same collision induced dissociation energies were used for 
the different oligoperoxides, the amount of kinetic energy able to be converted into 
internal energy is dependent on the size of the ion (refer to equation 2.13 in section 
2.2).  MS3 analyses were performed to determine possible dissociation pathways; 
however, recall that a pathway that has been achieved by MS3 may not necessarily be 
achieved from an MS2 experiment of a higher mass precursor ion.  The precursor ions 
for MS3 experiments were selected based on the results of the MS2 to determine which 
precursor ion produced the most intense desired secondary product ion.  The isolation 
width was 3 m/z unless ions proved to be difficult to isolate in which case the window 





Table 3.7:  MS2 experimental parameters for 2D-CMS data collection oligoperoxides 
with ammonium adducts 












3 274 20 0.03-300.03 (Δ10) 
4 348 20 0.03-80.03 (Δ10) 
5 422 20 0.03-88.03 (Δ8) 
6 496 20 0.03-160.03 (Δ20) 
7 570 20 0.03-120.03 (Δ12) 












3 274 30 0.03-10.03 (Δ1) 
4 348 30 0.03-10.03 (Δ1) 
5 422 30 0.03-10.03 (Δ1) 
6 496 30 0.03-10.03 (Δ1) 
7 570 30 0.03-10.03 (Δ1) 












3 274 10-26 (Δ2) 25 
4 348 10-26 (Δ2) 50 
5 422 10-30 (Δ2) 20 
6 496 12-30 (Δ2) 10 
7 570 14-34 (Δ2) 10 
8 644 15-31 (Δ2) 10 




Table 3.8:  MS2 experimental parameters for 2D-CMS data collection of oligoperoxides 
with sodium adducts 












3 279 20 0.03-200.03 (Δ20) 
4 353 20 0.03-200.03 (Δ20) 
5 427 20 0.03-120.03 (Δ12) 
6 501 20 0.03-200.03 (Δ20) 
7 575 20 0.03-120.03 (Δ12) 












3 279 30 0.03-12.03 (Δ1) 
4 353 30 0.03-14.03 (Δ1) 
5 427 30 0.03-10.03 (Δ1) 
6 501 30 0.03-10.03 (Δ1) 
7 575 30 0.03-10.03 (Δ1) 












3 279 14-30 (Δ2) 20 
4 353 14-34 (Δ2) 20 
5 427 14-30 (Δ2) 20 
6 501 14-28 (Δ2) 20 
7 575 14-32 (Δ2) 20 
8 649 Too weak to isolate 
aΔ represents the perturbation increment.  bPercentage of 5 Vp-p. 
 
The data treatment included averaging approximately 100 scans and extracting the 
mass spectral data in nominal mass units.  The extracted mass spectral data for each 
scan event were normalized so the sum of the intensities equaled to one.  In order to 
allow for coherence spectra with limited noise, the mass-to-charge values with 
normalized intensities less than one percent were considered to be noise and were 
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excluded from the 2D-CMS analysis.  The data was then re-normalized so the 
remaining mass-to-charge intensities summed to one.  If a synchronous peak has a 
value of zero, the division of the asynchronous by synchronous spectra would result in 
an undefined value.  To overcome this, the coherence peak intensity is assigned a 
value of zero.  For those mass-to-charge values that were found to be fragile ions based 
on their asymmetrical mass spectral peak shapes with peak fronting, adjacent nominal 
masses were summed together (i.e. 148+149 for m/z 149, which corresponds to the 
fragile protonated cyclic dimer).  Data corresponding to an induction period was 
excluded prior to 2D-CMS calculations.  The 2D-CMS calculations including tabulating 
the results for the expanding window coherence plot were performed using 
MATLabR2011a with code written in-house (see APPENDIX A).  The figures were 
generated using MSExcel 2007. 
 
 
3.1.2.2.2.4 STEP analysis 
 
The statistical test of equivalent pathways (STEP) method presented in section 2.2.2 
was performed for the oligoperoxide heptamer precursor ion, 
[H(OOC(CH3)2)7OOH+Na]
+,  for both the ammonium and sodium adducts at both CID 
held constant at 20% and at 30% of 5 V, since the secondary product ions resulting 
from consecutive dissociation were observed in the latter experiment and not the former 
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to show how the STEP results vary.  The authors that developed the STEP analysis 
include any product ion with a relative abundance greater than 2%; however, for the 
purposes of comparing the 2D-CMS results, only those product ions with normalized 
intensities of at least one percent across the perturbation range will be included in the 
STEP analysis.   
 
 
3.2 Computational Chemistry 
 
In this section, computational chemistry used to determine stable structures and adduct 
dissociation energies for the oligoperoxides, [H(OOC(CH3)2)nOOH], their proposed 
dissociation product structures, and the sodium and ammonium adducts of these 
structures is discussed. 
 
 
3.2.1 Structure Optimization and Energy Calculations 
 
CAChe software was used to optimize structures corresponding to the oligoperoxide 
precursor ions and product ions proposed to result from three different dissociation 
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mechanisms, discussed in section 3.2.2.  Optimization of the structures was achieved 
by first building the structure in CAChe.  Then a potential energy map of the energy as a 
function of the oligoperoxide backbone dihedral angles, where the dihedral angles were 
ranged from -180° to 180° with 100 steps, was created at the PM5 level to determine 
the lowest energy conformation.  When an adduct ion (sodium ion or ammonium ion) 
was present, potential energy maps were created with the position of the ion being 
placed at different locations along the backbone of the oligoperoxide molecule to 
determine which structure provided the lowest conformational energy.  After the lowest 
energy structure was found, the geometry of the molecule was optimized using density 
functional theory (DFT) at the B88-LYP/DZVP level which was altered to optimize with a 
high convergence.  After optimization of the geometry of the structure, the IR 
frequencies were calculated using the same level (B88-LYP/DZVP).  As discussed in 
section 2.5, a stable conformation that is not a transition or saddle point structure will 
not have any imaginary frequencies.  In the event that imaginary frequencies were 
observed, the atom positions for those atoms corresponding to the imaginary 
frequencies were manually adjusted, and the structure geometry was re-optimized with 
high convergence using B88-LYP/DZVP.  This process was repeated until the 
calculated IR frequencies were all real.  The zero-point energy (ZPE) was recorded.  
Due to memory limitations of the software, structures corresponding to the hexamer 





3.2.1.1 Calculating the zero-point energy scaling factor 
 
In order to account for the variance between the calculated infrared frequencies and 
those obtained by experimental data, the calculated zero-point energy (ZPE) is often 
corrected using a scaling factor.  The scaling factor was determined by comparing the 
calculated IR frequencies for TATP with those of experimental data previously collected 
for gaseous TATP190.   
 
 
3.2.1.2 Relative energies and adduct dissociation energies 
 
Energies of the proposed product ions and their corresponding neutral fragments are 
summed to allow for calculation of the relative energies of the possible product ions.  
These energies were normalized relative to the precursor ion energy.  Due to the 
memory limitations of the software, the IR frequency calculations for structures 
corresponding to hexamer (n=6) and larger were unable to be calculated; therefore, it 
was not possible to confirm that these structures had energies which corresponded to a 
minimum rather than a transition state or a hilltop.  The energies for the optimized 
structures were tabulated and were then normalized relative to the highest calculated 
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energy.  Adduct dissociation energies are calculated as the energy difference--including 
ZPE corrections with and without taking into account the scaling factor—between the 
optimized stable complex structure and the sum of the energies of the separate isolated 
components which have also been optimized and their structural stability confirmed199. 
 
 
3.2.2 Proposed Collision Induced Dissociations 
 
As previously discussed in section 2.3.1 (and demonstrated in sections 4.1.2.2.2.1 and 
4.1.2.2.3.1), the ammonium and sodium adducts of the open-chained oligoperoxides 
may result in different product ions depending on the size of the oligoperoxide.  Tandem 
mass spectrometry of the sodiated open-chained oligoperoxides resulted in three types 
of product ions when lower collision induced dissociation energies are utilized during 
analyses:  1) two acyl-terminated product ions forming a complex with the sodium ion, 
which are demonstrated by deuterated studies to result from the loss of ethane; 2) a 
single acyl-terminated product ion adduct with the sodium ion, defined as structure B in 
Figure 2.19, which are proposed to result from further dissociation of the complex 
and/or by a 1,3-methyl shift to an oxygen atom; and 3) radical structures consistent with 
smaller open-chained oligoperoxides lacking a proton, defined as structure C in Figure 
2.19, which were previously proposed to form from the loss of an acetyl radical from the 
acyl-terminated product ions.  These three types of product ions are shown in Figure 
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4.31, Figure 4.32, and Figure 4.33 (in section 4.1.2.2.2.1).  Tandem mass spectrometry 
of the open-chained oligoperoxide ammonium adducts resulted in four different types of 
product ions when analyzed at the lower collision induced dissociation energy:  1)  
cyclic structures, such as TATP with m/z 240 and DADP with m/z 166, which were 
proposed to result from the loss of hydrogen peroxide from the corresponding open-
chained oligoperoxide as shown in Figure 2.21; 2) a single acyl-terminated product ion 
adduct with the ammonium ion, which is consistent with the sodiated second structure 
type observed for the sodiated oligoperoxides, and was proposed to form as a result of 
a 1,3-methyl migration to an oxygen atom; 3) smaller open-chained oligoperoxides; and 
4) radical structures consistent with smaller open-chained oligoperoxides lacking a 
proton, defined as structure C in Figure 2.19, which were previously proposed to form 
from the loss of an acetyl radical from acyl-terminated oligoperoxides.  The second type 
of product ions is also consistent with formation from the acid-catalyzed rearrangement 
of peroxides, as discussed in section 2.3.2.  These three types of product ions are 
shown in Figure 4.51, Figure 4.52, and Figure 4.53. 
 
Based on the 2D-CMS results discussed in sections 4.1.2.2.2 and 4.1.2.2.3, the 
dissociation mechanisms of the majority of the precursor ions observed in the tandem 
mass spectra were consistent with models of parallel dissociations to form the product 
ions.  It was interesting to note that all of the ammonium adduct cyclic product ions 
observed were consistent with models of parallel dissociation of the precursor ion, 
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indicating that not only the cyclic products resulting from the loss of hydrogen peroxide 
from the precursor ion but also the smaller cyclic products result from parallel 
dissociation of the precursor ion.  In order to account for the formation of the product 
ions which resulted from the ammonium and sodium adducts of oligoperoxides, three 
types of dissociation mechanisms were investigated.  These mechanisms were labeled 
as A, B, and C, and are shown pictorially in Figure 3.13, Figure 3.14, and Figure 3.15 
using the open-chained oligoperoxide tetramer as an example.  For each of the 
mechanism types, all of the unique fragmentation pathways were considered (and 
numbered) to account for all possible product ions.  It should be noted that the 
molecular structures shown in the figures were not draw in their optimized form but 
instead were drawn for simplicity of demonstrating the possible mechanisms.  (The 
optimized structures may be found in APPENDIX B.)  Mechanism A was proposed to 
occur for the ammonium adducts while mechanisms B and C were proposed to occur 
for both the ammonium and sodium adducts; therefore, the ion was represented as an 
“X”.  For example, the open-chained oligoperoxide tetramer [H(OOC(CH3)2)4OOH+X]
+ 
had a mass-to-charge value of 353 when X was the sodium ion and m/z 348 when X 








Figure 3.13:  Proposed dissociation mechanism A demonstrated with the dissociation of 
the n=4 oligoperoxide 
 
The first mechanism, A shown in Figure 3.13, was an acid-base catalyzed mechanisms 
which involved the ammonium ion.  The ammonium acts as an acid to protonate the 
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oligoperoxide which results in charge-direct cleavage, then the ammonium ion is re-
formed resulting in two products: cyclic and a smaller open-chained oligoperoxides (or 
hydrogen peroxide).  This mechanism is proposed to be similar to the mobile proton 
theory, discussed in section 2.2.3, in that protonation is proposed to occur at different 
sites along the oligoperoxide backbone and not only the most basic site.  This 
mechanism allows for the formation of cyclic and smaller open-chained oligoperoxides 
of varying sizes to be formed directly from the precursor ion, as was indicated by the 
2D-CMS results.  For example, fragmentation three of mechanism A results in two 
possible mass-to-charge values that may be anticipated in the mass spectrum.  The first 
corresponds to the ammonium adduct of cyclic trimer, TATP (m/z 240) where the 
neutral fragment that is lost is the smaller open-chained oligoperoxide monomer 
[HOOC(CH3)2OOH].  The other possible mass-to-charge value that may be anticipated 
in the mass spectrum occurs if the ammonium ion forms an adduct with the smaller 
open-chained oligoperoxide monomer [HOOC(CH3)2OOH+NH4]
+ (m/z 126) and the 
cyclic trimer is lost.  In the case of the second fragmentation of mechanism A, the two 
possible peaks that may be observed in the mass spectrum correspond to either the 
smaller open-chained oligoperoxide trimer [H(OOC(CH3)2)3OOH+NH4]
+ (m/z 348) or the 
cyclic monomer (m/z 92).  This latter structure is also proposed (and optimized) in the 





Figure 3.14:  Proposed dissociation mechanism B demonstrated with the dissociation of 
the n=4 oligoperoxide 
 
The second mechanism, B shown in Figure 3.14, produces two acyl-terminated product 
ions which may or may not form a complex with the ion as a result of the loss of ethane 
by a charge-remote process.  This mechanism has been demonstrated to occur for the 
sodiated oligoperoxide as evident by the loss of 30 mass units or 36 mass units in 
deuterated studies.  This was also observed in tandem mass spectral analysis of 





Figure 3.15:  Proposed dissociation mechanism C demonstrated with the dissociation of 
the n=4 oligoperoxide 
 
The third mechanism, C shown in Figure 3.15, results in an acyl-terminated product ion 
and methanol when the shift occurs at a terminal end.  This mechanism is proposed to 
occur by a 1,3-methyl migration to an oxygen atom at the terminal end of a peroxide 
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and/or by the acid-catalyzed peroxide rearrangement.  However, when the migration 
occurs at a non-terminal O-O bond, this mechanism results in an ether-terminated 
oligoperoxide or an acyl-terminated oligoperoxide where the presence of either in the 
mass spectrum is dependent on which structure forms an adduct with the ammonium or 
sodium ion.  For simplicity, mechanism C is pictorially depicted as a 1,3-methyl shift to 
an oxygen atom; however, the acid-catalyzed rearrangement represents another 
mechanistic route for obtaining the same product ions with the ammonium ion (see 
section 2.3.2).   
 
The three mechanisms were investigated for the oligoperoxides (n=3-8).  For the 
ammonium adducts, all three mechanisms were addressed, while for the sodiated 
oligoperoxides, the latter two mechanisms were addressed.  For each of the 
oligoperoxides, all unique fragmentation pathways for the mechanisms were 
investigated by determining the possible product ions, optimizing their structures, and 
calculating their corresponding adduct dissociation energies.  Calculations were 
performed as described in section 3.2.1.2.   
 
The third type of product ion, observed in the tandem mass spectra of the sodiated 
oligoperoxides and the larger ammonium adduct oligoperoxides, are consistent with 
smaller open-chained oligoperoxides radicals lacking a proton, defined as structure C in 
Figure 2.19.  These product ions were observed at relatively low intensities (see Figure 
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4.31, for example), and their structures were not modeled using CAChe.  As discussed 
previously, these product ions were previously proposed to result from loss of an acetyl 
radical from the acyl-terminated product ions (see section 2.3.1); however, 2D-CMS 
results (see section 4.1.2.2.2.3 and 4.1.2.2.3.3) indicated that they were formed directly 
from the precursor ion.  Therefore, they were proposed to result from cleavage of the C-
O bond of the precursor ion.  The calculated bond orders were compared181 for the 
neutral, sodiated, and ammonium adduct oligoperoxides to further investigate this 




CHAPTER 4 RESULTS AND DISCUSSION 
 
 
4.1 Two-Dimensional Correlation Mass Spectrometry 
 
The results of the kinetic models will first be addressed in section 4.1.1, and the results 
of the analysis of molecules will then be discussed in section 4.1.2 . 
 
 
4.1.1 Kinetic Models 
 
Results of the simple kinetic models will be discussed in section 4.1.1.1 while larger and 





4.1.1.1 Simple Kinetic Models 
 
The results of the simple kinetic models are discussed in section 4.1.1.1.1 while the 
effects of various factors on the interpretation of the type of dissociation are discussed 
in section 4.1.1.1.2.   
 
 
4.1.1.1.1 Parallel, consecutive, and mixed dissociations 
 
The results of the nine kinetic model experiments are pictorially shown in Figure 4.1 
through Figure 4.9.  These figures include a plot of concentration vs. time for the kinetic 
data, synchronous and asynchronous spectra shown as contour plots, the coherence 
spectrum, and the expanding window coherence plot.  The concentration vs. time plot 
simulates an experimental breakdown curve without an induction period.  The 
expanding window coherence plot is described in section 3.1.1.1.1.  Table 4.1 is an 
adaptation of Table 3.1 with the addition of coherence spectral peak intensities 










Peak Intensitiesa (m1/m2) 
kab kac kbc A/C A/B B/C 
1 Parallel 1 2 0 1.32 1.32 0.00 
2 Parallel 1 1 0 0.96 0.96 0.00 
3 Parallel 2 1 0 1.32 1.32 0.00 
4 Consecutive 1 0 2 0.81 0.41 0.38 
5 Consecutive 1 0 1 0.85 0.50 0.29 
6 Consecutive 2 0 1 1.50 0.77 0.37 








1 1 0.1 0.98 0.94 0.03 
aThe peak intensities were calculated using data from the entire perturbation window. 
 
The nine models will now be discussed individually with the parallel dissociation models 
(models 1-3) in section 4.1.1.1.1.1, consecutive (models 4-6) in section 4.1.1.1.1.2, and 
mixed (models 7-9) in section 4.1.1.1.1.3. 
 
 
4.1.1.1.1.1 Parallel Dissociations 
 
















Figure 4.1:  Model 1, parallel with kab=1 and kac=2, (a) plot of concentration vs. time, (b) 
synchronous spectrum, (c) asynchronous spectrum, (d) coherence spectrum, (e) 















Figure 4.2:  Model 2, parallel with kab=1 and kac=1, (a) plot of concentration vs. time, (b) 
synchronous spectrum, (c) asynchronous spectrum, (d) coherence spectrum, (e) 















Figure 4.3:  Model 3, parallel with kab=2 and kac=1, (a) plot of concentration vs. time, (b) 
synchronous spectrum, (c) asynchronous spectrum, (d) coherence spectrum, (e) 
expanding window coherence plot 
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Recall that the parallel dissociation involves the dissociation of a precursor ion (A or m/z 
100) to two product ions (B and C or m/z 90 and 75).  For the parallel dissociation 
models, all of the peaks in the synchronous spectrum were positive, which were a result 
of utilizing a zero reference spectrum24.  The synchronous spectrum shows the 
coincidental changes in the spectral intensities due to the applied perturbation.  All of 
the asynchronous spectra showed only precursor-product ion peaks.  The 
asynchronous spectrum shows the dissimilarity in the spectral intensities due to the 
applied perturbation.  The precursor-product ion peaks were observed since the 
precursor ion intensity was decreasing as the product ion intensities were increasing.  
Because the product ion peaks both increased simultaneously throughout the 
perturbation range, they were not dissimilar; therefore, a product-product ion peak was 
not observed.  Since the coherence spectrum is defined as the ratio of the 
asynchronous to synchronous spectrum, the coherence spectrum showed only two 
peaks corresponding to the precursor-product ion peaks.  These peaks were of equal 
intensity for the parallel dissociation mechanisms, consistent with the results of Chin 
and Lin24.  The Hilbert-Noda sequential order rules were applied to the coherence plot, 
and according to the rules a positive peak indicates that m1 occurs before m2, a 
negative peak indicates that m2 occurs before m1, and the sequential order cannot be 
determined for a peak of zero intensity.  The coherence peaks (m1/m2) where m1>m2 
resulted in positive intensities, and when m2>m1, this resulted in negative intensities (as 
a result of the coherence spectrum being anti-symmetric about the diagonal), which 
indicated that m1 occurred before m2.  For the parallel coherence plots, the precursor 
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ion A (m/z 90) was detected prior to product ions B (m/z 75) and C (m/z 60), which was 
inherent to the tandem mass spectral experiment of isolating the precursor ion and 
fragmenting it to produce the product ions.  Since there was not a product-product ion 
peak, the sequential order of B (m/z 75) and C (m/z 60) could not be determined.  
These results were consistent with first-order parallel unimolecular dissociations.  The 
expanding window coherence plots all showed precursor-product ion peaks of equal 
intensities and a lack of a product-product ion peak, where the intensities of the 
precursor-product ions increased as the perturbation range was expanded.  When the 
models were compared, it was observed that as the sum of the rate constants 
increased, the overall intensities of the precursor-product ion coherence peaks 
increased (see Table 4.1), again consistent with the results of Chin and Lin24.   
 
 
4.1.1.1.1.2 Consecutive Dissociations 
 
The results of the consecutive dissociation models (models 4-6) are shown in Figure 















Figure 4.4:  Model 4, consecutive with kab=1 and kbc=2, (a) plot of concentration vs. 
time, (b) synchronous spectrum, (c) asynchronous spectrum, (d) coherence spectrum, 















Figure 4.5:  Model 5, consecutive with kab=1 and kbc=1, (a) plot of concentration vs. 
time, (b) synchronous spectrum, (c) asynchronous spectrum, (d) coherence spectrum, 















Figure 4.6:  Model 6, consecutive with kab=2 and kbc=1, (a) plot of concentration vs. 
time, (b) synchronous spectrum, (c) asynchronous spectrum, (d) coherence spectrum, 
(e) expanding window coherence plot 
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The consecutive dissociation involves the dissociation of a precursor ion, A, to an 
intermediate primary product ion, B, which then further dissociates to a secondary 
product ion, C.  In the consecutive dissociation models, all of the peaks in the 
synchronous spectrum were positive.  Unlike the parallel reaction, the consecutive 
reaction contained intermediate product-product ion peaks (B/C) in the asynchronous 
spectrum.  The precursor-intermediate product ion and precursor-product ion peaks 
were present as a result of the intensity of the precursor ion having decreased with the 
applied perturbation while those of the intermediate product ion and product ion 
increased.  The intermediate product-product ion peak was present for the consecutive 
reaction since the relationship between the intermediate product ion and the product ion 
were dissimilar, unlike in the parallel reaction.  In the consecutive reaction, the product 
ion was formed from the intermediate product ion; therefore, over the applied 
perturbation the intermediate product ion both increased and decreased in intensity 
from its formation from the precursor ion and dissociation to the product ion, while the 
product ion constantly increased in intensity.  The coherence spectrum showed three 
positive peaks of unequal intensity, which differed from the parallel dissociation 
mechanism.  Three peaks of varying intensities were therefore observed in the 
expanding window coherence plots.  However, it should be noted that depending on the 
rate constants and the number of perturbation steps used, some of the peaks may have 
similar or even equivalent intensities as a result of the precursor-intermediate product 
peak intensity decreasing over the perturbation range while the intermediate product-
product ion peak increases over the perturbation range.  Applying the Hilbert-Noda 
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sequential order rules showed that in all cases m1 occurred before m2; therefore, the 
precursor ion occurred before both the intermediate product and product ions, and the 
intermediate product occurred prior to the product ion.  This was consistent with the 
consecutive dissociation mechanism.  The intensities of the expanding window 
coherence peaks increased with increasing perturbation range; however, the ratios of 
the coherence peaks to one another varied as the perturbation range was increased as 
a result of the peak intensities having increased at varying rates.  When the three 
different consecutive models were compared, it was observed that the overall intensities 
of the coherence peaks were highly dependent on the rate constants (see Table 4.1), 
consistent with the results of Chin and Lin25. 
 
 
4.1.1.1.1.3 Mixed Dissociations 
 
Three mixed dissociation models (models 7-9) were also investigated which included 
mixed dissociations that resembled a parallel dissociation (model 9) and a consecutive 
dissociation (model 8).  The results of the models seven through nine are shown in 















Figure 4.7:  Model 7, mixed with kab=1, kac =1, and kbc=1, (a) plot of concentration vs. 
time, (b) synchronous spectrum, (c) asynchronous spectrum, (d) coherence spectrum, 















Figure 4.8:  Model 8, mixed that resembles a consecutive dissociation with kab=1, kac 
=0.1, and kbc=1, (a) plot of concentration vs. time, (b) synchronous spectrum, (c) 















Figure 4.9:  Model 9, mixed that resembles a parallel dissociation with kab=1, kac =1, and 
kbc=0.1, (a) plot of concentration vs. time, (b) synchronous spectrum, (c) asynchronous 
spectrum, (d) coherence spectrum, (e) expanding window coherence plot 
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The results of the mixed reactions were similar to those of the consecutive reactions in 
terms of the synchronous and asynchronous plots.  For the mixed reaction that 
resembled a parallel reaction (model 9 compared to model 1), the asynchronous 
intermediate product-product ion peak (B/C, 75/60) had a very low intensity.  The 
coherence plot resembled the parallel coherence plots with the precursor-product ion 
peak (A/C, 90/60) and the precursor-intermediate ion peaks (A/B, 90/75) being close to 
equivalent in intensity.  However, the precursor-intermediate product ion peak was 
slightly smaller than the precursor-product ion peak, and there was a weak intermediate 
product-product ion peak.  The expanding window coherence plots revealed that at the 
low perturbation ranges, the precursor-product ion and precursor-intermediate product 
ion peaks were similar in intensity with very little intermediate product-product ion peak 
being present.  As the perturbation range was increased, the ratios of the peaks 
changed so that they appeared to be consecutive.  When the Hilbert-Noda sequential 
order rules were applied, like the consecutive reactions the precursor ion was present 
before the intermediate product ion which was formed before the product ion.  However, 
this may not necessarily be the case.  These results may have been caused by the data 
being non-monotonic, and the results showed that the sequential order rules may not 
always be applicable to mixed dissociation mechanisms when analyzed using the 
described 2D-CMS method, since a direct sequential order does not exist.  In the case 
of model 9 which was like a parallel reaction, the intermediate product-product ion 
coherence intensity was close to zero, which indicated the sequential order rules may 
not necessarily be applied.  For the mixed reaction that was similar to a consecutive 
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reaction (model 8 compared to model 4), the coherence peak intensities between the 
two models were nearly equal (see Table 4.1). 
 
 
4.1.1.1.1.4 Comparing the Three Dissociation Mechanisms 
 
When the three different dissociation mechanisms were compared, it was noted that the 
consecutive and mixed dissociations resembled one another where three peaks of 
unequal intensities were observed for their corresponding coherence plots.  For this 
reason, expanding window coherence plots were created, which were initially described 
in section 3.1.1.1.1.  For the mixed dissociations, the expanding window plots revealed 
that at the low perturbation ranges, the precursor-product ion and precursor-
intermediate product ion peaks were similar in intensity with very little intermediate 
product-product ion peak being present.  As the perturbation range was increased, the 
ratios of the peaks changed so that they were consistent with a consecutive 
dissociation.  It was therefore noted that the coherence plots for the consecutive and 
mixed dissociations resembled one another when the entire perturbation range was 
used for the coherence spectra calculations; however, the two different dissociation 
mechanisms could be differentiated at the low perturbation range of the expanding 
window coherence plot.  The mixed dissociation resembled a parallel dissociation at the 
low perturbation range where the two precursor-product ion peaks were of similar 
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intensities with a lack of a significant product-product ion peak while the consecutive 
dissociation did not show this trend.  Therefore, by utilizing expanding window 
coherence plots, the parallel, consecutive, and mixed dissociations were differentiated. 
 
 
4.1.1.1.2 Factors affecting interpretation of results 
 
 
4.1.1.1.2.1 Random Noise 
 
The results of the addition of random noise to models two, five, and seven are shown in 
Figure 4.10, Figure 4.11, and Figure 4.12 where the intensity vs. time plots are shown 
along with the corresponding coherence spectra and expanding window coherence 















Figure 4.10:  Effects of random noise on model 2; noise level (a, c, & e) 10-3-10-4, (b, d, 















Figure 4.11:  Effects of random noise on model 5; noise level (a, c, & e) 10-3-10-4, (b, d, 















Figure 4.12:  Effects of random noise on model 7; noise level (a, c, & e) 10-3-10-4, (b, d, 









Peak Intensities (m1/m2) 
A/C A/B B/C 
Parallel 10-3-10-4 0.93 0.93 0.00 
Parallel 10-2-10-3 0.74 0.64 0.03 
Consecutive 10-3-10-4 0.82 0.49 0.29 
Consecutive 10-2-10-3 0.66 0.37 0.27 
Mixed 10-3-10-4 1.04 0.74 0.21 
Mixed 10-2-10-3 0.81 0.51 0.22 
 
These results were compared to the results in Table 4.1 and Figure 4.2, Figure 4.5, and 
Figure 4.7 which respectively correspond to the parallel, consecutive, and mixed data 
without the addition of random noise.  The difference was most obvious for the figures 
corresponding to parallel dissociations, where the precursor-product ion peaks should 
have been equivalent.  For the parallel dissociation with noise level ranging between  
10-3 and 10-4, when a larger number of decimal places were considered, A/C = 0.9283, 
A/B = 0.9289, and B/C = 0.0022, this demonstrated a slight deviation from a purely 
parallel dissociation.  When a higher level of noise was added, there was a more 
significant difference between the precursor-product ion peak intensities, and a product-
product ion peak appeared.  Therefore, the addition of noise did affect the peak 
intensities of the coherence spectrum and caused a slight deviation in the peak 
intensities compared to the parallel model in the absence of noise.  The effect was more 
pronounced when examining the expanding window coherence plots, where at the 
lower perturbation ranges the noise level seems to have a greater impact on the 
coherence intensities.  As the expanding window perturbation range increased, the 
effect of noise was less significant on the coherence peak intensities, as was observed 
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in Figure 4.10.  This showed the necessity to collect data over a large enough 
perturbation range to overcome the influence of noise; however, the noise could 
influence the interpretation of the mixed reaction data at the low perturbation range 
where the data should have appeared parallel. 
 
4.1.1.1.2.2 Sampling Frequency 
 
The results of varying the sampling frequency on models two, five, and seven are 
shown in Figure 4.13 where the intensity vs. time and expanding window coherence 
















Figure 4.13:  Effects of sampling frequency for models where all the rate constants are 
equal to 1, (a) breakdown curve as a function of excitation time for parallel, (b) 
expanding window coherence for plot (a), (c) breakdown curve as a function of 
excitation time for consecutive, (d) expanding window coherence for plot (c), (e) 
breakdown curve as a function of excitation time for mixed, (f) expanding window 
coherence for plot (e) 
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The results in Figure 4.13 were compared to those of Figure 4.2, Figure 4.5, and Figure 
4.7 which respectively correspond to the parallel, consecutive, and mixed data without 
the omission of data points.  When the number of included data points was reduced, 
both the consecutive and mixed dissociations, rather than just the mixed dissociation, 
appeared to look “parallel-like” at the low perturbation range in the expanding 
coherence window plot.  This lead to the conclusion that the expanding window 
coherence plot was useful for distinguishing between consecutive and mixed reactions 
only when the perturbation increment was large enough, and the Nyquist sampling 
theorem had been satisfied.  The Nyquist sampling theorem states that in order to 
accurately determine the frequency of the signal of interest, signal data should be 
sampled at a frequency that is at least twice the frequency of the signal of interest30.  
Although the consecutive and mixed dissociations may not necessarily be differentiated, 




4.1.1.2 Larger Kinetic Models 
 
The results of the larger kinetic models are discussed in section 4.1.1.2.1 while factors 
affecting the interpretation of the results are discussed in section 4.1.1.2.2.   
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4.1.1.2.1 A combination of parallel, consecutive, and mixed dissociations 
 
The results of the four larger kinetic model experiments (models 10-13) are pictorially 
shown in Figure 4.14 through Figure 4.17 and discussed individually in sections 
4.1.1.2.1.1 through 4.1.1.2.1.4.  These figures include a plot of concentration vs. time 
for the kinetic data and the expanding window coherence plot since the expanding 
window coherence plot was determined to be able to distinguish between the three 
different simple kinetic methods when an accurate sampling frequency is utilized (see 
section 4.1.1.1.1.4).  The expanding window plot is shown as four different images 
which include the plot as a whole, only the precursor-product ion peaks, only the 
product-product ion peaks, and in the case where some of the product-product ion 
peaks are masked by more intense peaks another product-product ion peak spectrum 
will be shown with the more intense peaks removed.   
 
4.1.1.2.1.1 Equivalent Rate Constants 
 
Figure 4.14 shows plots of the ion intensities over time and the results of the 2D-CMS 













Figure 4.14:  Model 10 with all rates equal to one, (a) plot of concentration vs. time, (b) 
plot of only precursor-product ion peaks, (c) expanding window coherence plot, (d) plot 
of only product-product ion peaks, (e) plot of only product-product ion peaks with more 
intense peaks removed 
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For this model, all of the rate constants were set equal to one.  Each of the three 
dissociation mechanisms were discussed separately, and then the entire dissociation 
scheme was considered.  The parallel dissociations of m/z 30 and m/z 50 from m/z 100 
were considered.  The expanding window coherence plot showed that the intensities of 
the precursor-product ions peaks (100/30 and 100/50) were equal to one another 
throughout the perturbation range, and their equivalent intensities increased as the 
perturbation range increased.  The product-product ions peak (50/30) had an intensity 
of zero throughout the perturbation range.  For the consecutive dissociation of the 
precursor ion m/z 100 to the intermediate product ion m/z 20 which further dissociated 
to the product ion m/z 10, three peaks of unequal intensities were observed across the 
perturbation range corresponding to 100/20, 100/10, and 20/10.  These results were 
consistent with the simple molecules discussed in section 3.1.1.1.2.  For the mixed 
dissociation, m/z 100 dissociated via parallel routes to m/z 75 and m/z 60, and m/z 75 
further dissociated to m/z 60.  The expanding window coherence plot showed the 
precursor-product ions peaks 100/75 and 100/60 and the product-product ion peak 
75/60 started by looking parallel at the low perturbation range where the precursor-
product ions peaks had equivalent intensities and the product-product ion peak had an 
intensity of zero.  As the perturbation range increased, the 100/75 peak became less 
intense than the 100/60 peak, while the 75/60 peak intensity appeared and increased in 




The mechanisms were then compared to one another.  First the consecutive 
dissociation and parallel dissociation were compared.  The precursor-intermediate 
product ion peak from the consecutive dissociation (100/20) had an intensity that was 
less than the precursor-product ion peaks (100/50 and 100/30) of the parallel 
dissociation.  This decrease in intensity was attributed to the intermediate product ion 
(m/z 20) being lost relative to the parallel dissociation product ions (m/z 50 and 30).  
The precursor-product ion which corresponded to the secondary product ion of the 
consecutive dissociation (100/10) had an intensity that was significantly larger than 
those of the parallel dissociation.  For the mixed dissociation, the precursor-product ion 
100/75 had an intensity that was less than the parallel dissociation precursor-product 
ion peaks and equivalent to the consecutive dissociation precursor-intermediate product 
ion peak (100/20).  The precursor-product ion peak 100/60 had an intensity that was 
greater than the parallel dissociation precursor-product ion peaks.  When all the peaks 
were considered together, the precursor-product ion peaks for any of the ions that were 
dissociating via parallel dissociation (m/z 75, m/z 60, m/z 50, m/z 30, and m/z 20) all 
had intensities that were similar to one another, although only the purely parallel 
dissociations (m/z 50 and m/z 30) were equivalent.  The precursor-product ion 
corresponding to the secondary product ion of the consecutive dissociation (100/10) 
had an intensity that was significantly larger than those of the parallel dissociation.  The 
appearance of this extremely large expanding window coherence plot peak was 
indicative of a purely secondary product ion that resulted from a consecutive 
dissociation.  When the product-product ion peaks were compared, those that 
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corresponded to purely parallel had an intensity of zero throughout the perturbation 
range.  The mixed dissociation had intensities that started at zero at low perturbations 
and gradually increased as the perturbation range increased; whereas, the product-
product ions peaks for the consecutive dissociation were relatively intense throughout 
the perturbation range. 
 
The 2D-CMS method, with results represented by the expanding window coherence 
plot, calculated correlations not only for those product ions within a given dissociation 
pathway but also the product ions that were not necessarily from the same dissociation 
pathway.  In other words, with the exception of the precursor ion (m/z 100) being the 
same, the product ions of the individual dissociation mechanisms were not directly 
related to one another; however, they were still compared by the method.  For instance, 
consider the secondary product ion of the consecutive dissociation, m/z 10, compared 
to the other product ions of the parallel and mixed dissociations, m/z 30, m/z 50, m/z 60 
and m/z 75.  The expanding window coherence plot showed three product-product ion 
intensities (75/10, 60/10, 50/10, and 30/10) that were all increasing in intensity over the 
perturbation range.  The intensities of the 50/10 and 30/10 were equivalent, since 
throughout the perturbation range the change in intensity of m/z 10 compared to m/z 50 
and m/z 30 was equivalent.  The product ion m/z 20 compared to the other dissociation 
product ions (m/z 75, 60, 50, and 30) was considered.  The product-product ion peak for 
75/20 had an intensity of zero throughout the perturbation range, which was consistent 
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with m/z 75 and m/z 20 not being dissimilar over the perturbation range, which occurred 
because both were formed from the precursor ion and both dissociated to form other 
product ions at the same rates.  The remaining product-product ions peaks (60/20, 
50/20, and 30/20) all had negative intensities that increased across the perturbation 
range with those of 50/20 and 30/20 having been equivalent to one another.  This 
occurred because relative to the other product ions, m/z 20 was lost while the other 
product ions were being formed, and the changes were identical when comparing m/z 
30 and m/z 50.  The product ion m/z 30 was also compared to the product ions m/z 75, 
m/z 60, m/z 20, and m/z 10.  The peak intensities for the product ions corresponding to 
75/30 and 30/20 were of equivalent intensity but opposite sign across the perturbation 
range.  The 75/30 peak intensity was positive while that of 30/20 was negative.  This 
occurred because in both cases m/z 75 and m/z 20 were being lost by equivalent 
amounts when compared to m/z 30 which gave them equivalent peak intensities, and 
the opposite signs were due to the order of the ions when the correlation was 
calculated.  For 75/30, the m1 ion was m/z 75 while the m2 ion was m/z 30, where for 
the 30/20 peak the m1 ion was m/z 30 and the m2 ion was m/z 20.  The ion that was 
being lost was the m1 ion in the first case the m2 ion in the second case.  If the 20/30 or 
30/75 peaks were plotted, they would have been equivalent but with opposite signs, 
since the Hilbert-Noda matrix is inversely mirrored about the diagonal of the matrix.  The 
product-product ion peak 60/30 also had a negative intensity that increased as the 
perturbation range was increased.  While m/z 30 was not lost relative to m/z 60, m/z 60 
was gained relative to m/z 30 from a source other than the parallel dissociation of the 
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precursor ion, which resulted in a negative peak.  The product-product ion 30/10 
increased as the perturbation range increased.  For the product ion m/z 50, the resulting 
product ion compared with m/z 75, m/z 60, m/z 20, and m/z 10 were all equivalent to 
those for the product ion m/z 30 as a result of their parallel nature.  The product ion m/z 
60 was compared to the other product ions m/z 10, m/z 20, m/z 30, and m/z 50.  The 
product-product ion peak 60/10 had a positive intensity that increased as the 
perturbation range increased.  The product-product ion peaks 50/10 and 30/10 were 
equivalent negative peaks that increased as the perturbation range increased.  As was 
already mentioned when discussing the product ion m/z 30, while m/z 30 and m/z 50 
were not being lost relative to m/z 60, m/z 60 was being gained from a source other 
than the parallel dissociation of the precursor ion, which resulted in negative product-
product ion peaks for 60/30 and 60/50.  The 60/10 peak was positive.  Finally, the 
product ion m/z 75 had already been discussed within the other product ions described, 
but it was also compared with m/z 50, m/z 30, m/z 20 and m/z 10.  The 75/20 peak had 
an intensity of zero throughout the perturbation range since m/z 75 and m/z 20 both 
gained and lost intensity at the same rates.  The intensities for 75/30 and 75/50 were 
equivalent, with positively increasing peak intensities across the perturbation range.  
75/10 had a positive peak intensity that increased throughout the perturbation range. 
 
Model 10 represented not only the results of the different dissociation schemes but also 
the importance of not simply interpreting a peak observed in the expanding window 
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coherence plot as a direct dissociation relationship between two mass-to-charge values.  
It was also important to keep in mind that the sign of the coherence peak is also 
dependent on the window size of the data used for the 2D-CMS calculation; therefore, 
results would vary if a moving-window calculation was performed. 
 
 
4.1.1.2.1.2 Non-Equivalent Rate Constants 
 
In order to show the effects of the rate constants on the dissociation schemes, the same 
model (model 10) was used with varying rate constants which resulted in model 11 (see 














Figure 4.15:  Model 11 with varying rate constants, (a) plot of concentration vs. time, (b) 
plot of only precursor-product ion peaks, (c) expanding window coherence plot, (d) plot 
of only product-product ion peaks, (e) plot of only product-product ion peaks with more 
intense peaks removed 
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The most significant differences from model 10 (section 4.1.1.2.1.1) were the peak 
intensities, specifically for 100/20 which had an intensity that was now nearly equivalent 
to the parallel dissociations peaks (100/30 and 100/50).  This was consistent with m/z 
100 having dissociated via parallel routes to m/z 30, m/z 50, and m/z 20, and very little 
m/z 20 further dissociated to m/z 10.  While it was easy to interpret that m/z 10 resulted 
from a purely consecutive dissociation based on its significantly larger intensity, the 
intermediate product ion in the consecutive dissociation was not readily identified.  This 
presented a limitation of the method; however, MS3 analyses of the potential 
intermediate product ions may be useful to rule-out specific intermediate product ions in 
actual experimental data.  In model 10, the 75/20 peak had intensities of zero since both 
the product ions m/z 75 and m/z 20 dissociated at the same rate; however, in model 11, 
m/z 75 dissociated at a greater rate than m/z 20 which resulted in a 75/20 peak. 
 
 
4.1.1.2.1.3 Non-Equivalent Rate Constants Where the Mixed Dissociation is Parallel-
Like 
 
The rate constants in model 12 were varied so the mixed dissociation was parallel-like 
in that the rate of dissociation of m/z 75 to m/z 60 was very small.  Figure 4.16 shows 













Figure 4.16:  Model 12 where the mixed dissociation is parallel-like, (a) plot of 
concentration vs. time, (b) plot of only precursor-product ion peaks, (c) expanding 
window coherence plot, (d) plot of only product-product ion peaks, (e) plot of only 
product-product ion peaks with more intense peaks removed 
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The results showed that the precursor-product ions peaks which corresponded to the 
mixed dissociation had nearly equivalent intensities while the product-product ion 
intensity was very weak; therefore, the results resembled a parallel dissociation.  A very 
weak product-product ion peak grew in as the perturbation range increased, which was 
the only indication of a mixed dissociation.  When compared to model 11 where the rate 
of m/z 75 dissociating to m/z 60 was one rather than 0.1 as it was in this model, model 
12 showed a larger variance between the 100/60 and 100/75 peaks and the other 
precursor-product ion peaks.  Therefore, as the rate of m/z 75 having dissociated to m/z 
60 in the mixed dissociation was increased, the difference in the precursor-product ion 
intensities (100/60 and 100/75) increased.  
 
 
4.1.1.2.1.4 Non-Equivalent Rate Constants Where the Mixed Dissociation is 
Consecutive-Like 
 
The rate constants in model 13 were varied so the mixed dissociation was consecutive-
like in that the rate of dissociation of m/z 100 to m/z 60 was very small.  Figure 4.17 













Figure 4.17:  Model 13 where the mixed dissociation is consecutive-like, (a) plot of 
concentration vs. time, (b) plot of only precursor-product ion peaks, (c) expanding 
window coherence plot, (d) plot of only product-product ion peaks, (e) plot of only 
product-product ion peaks with more intense peaks removed 
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Just as the previous mixed dissociation of model 12 resembled a parallel dissociation, 
the results of model 13 resembled a consecutive dissociation.  It would have been 
difficult to distinguish between a purely consecutive dissociation and a mixed 
dissociation that is consecutive-like.  Although the minor parallel dissociation pathway of 
the mixed dissociation was difficult to determine, the most prominent dissociation 
pathways (parallel and consecutive) were apparent. 
 
 
4.1.1.2.2 Factors affecting interpretation of results 
 
 
4.1.1.2.2.1 Random Noise 
 
Model 11 was altered to create a model that represents the effects of noise on the 2D-













Figure 4.18:  Model 11 with the addition of random noise, (a) plot of concentration vs. 
time, (b) expanding window coherence plot, (c) only precursor-product ion peaks of the 




Like the simple kinetic models (see 3.1.1.1.3), the expanding window coherence plot 
showed that the peak intensities at the low perturbation range were most affected by the 
noise, and the noise effect was most apparent for the parallel dissociation.  This model 
demonstrated that while noise did affect the results of the 2D-CMS analysis, the overall 
2D-CMS trends observed in the expanding window coherence plots were still present.   
 
 
4.1.1.2.2.2 Sampling Frequency 
 
Model 11 was altered to create a model that represented the effects of sampling 














Figure 4.19:  Model 11 with results of varying the sampling frequency, (a) plot of 
concentration vs. time, (b) plot of only precursor-product ion peaks, (c) expanding 
window coherence plot, (d) plot of only product-product ion peaks, (e) plot of only 
product-product ion peaks with more intense peaks removed 
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The resulting expanding window coherence plot had fewer peaks than in model 11 as a 
result of fewer perturbations being analyzed.  Unlike the simple kinetic models in section 
3.1.1.1.3, the consecutive and mixed dissociations may still be discriminated in this 
model as the precursor-product ion peaks for the consecutive dissociation (20/10) are 
still significantly more intense than for the mixed dissociation (75/60).  This model 
revealed that in the presence of other dissociation mechanisms, the purely consecutive 
dissociation may still be discriminated from the mixed dissociation in the event that the 
mixed dissociation did not have rates that made it consecutive-like.  Recall that the peak 
intensities are dependent on the rate constants in the case of consecutive pathways in 
both consecutive and mixed dissociations.   
 
 
4.1.1.2.2.3 Simulating a Fragile Ion 
 
Model 11 was again altered to create a model 14 which represented the effects on the 
2D-CMS results of a fragile ion dissociating to a product ion below the low mass cut-off, 















Figure 4.20:  Model 14 simulating a fragile ion, (a) plot of concentration vs. time, (b) plot 
of only precursor-product ion peaks, (c) expanding window coherence plot, (d) plot of 
only product-product ion peaks, (e) plot of only product-product ion peaks with more 
intense peaks removed 
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As a result of the loss of m/z 50, the breakdown curve showed a trend that was 
consistent with a consecutive dissociation.  Following 2D-CMS calculations the 
expanding window coherence plot was compared to the plot in model 11 (see Figure 
4.15).  The first obvious difference between the expanding window coherence plots of 
model 14 and model 11 was the intensity of the precursor-product ion 100/50 which had 
an intensity that was significantly less the precursor-product ion 100/30 which resulted 
from a purely parallel dissociation of m/z 100.  The next most significant difference was 
observed for the most abundant peak (50/10) in the product-product ion portion of the 
expanding window coherence plot.  One might have interpreted m/z 50 to be the 
intermediate product ion for the production of the secondary product ion m/z 10; 
however, it was known that the intermediate product ion was m/z 20.  The larger 
intensity for 50/10 compared to 20/10 was a result of the asynchronous correlation 
being greater between the product ion m/z 10 when compared with the product ions m/z 
50 and m/z 20, since m/z 50 dissociated at a greater rate than m/z 20.  In addition, the 
product-product ion peaks which corresponded to the product ion m/z 50 also differed 
between model 14 and model 11.  In model 11, the 75/50 peak had a weak positive 
intensity that grew in throughout the perturbation range; however, in model 14 the peak 
intensity was negative as a result of the loss of m/z 50.  The peak corresponding to 
60/50 was still negative but had an increased intensity since the asynchronous 
correlation between m/z 60 and m/z 50 was greater.  The peaks which corresponded to 
50/30 and 50/20 had intensities that increased as the perturbation range increased, 
which may also have been interpreted as consecutive dissociations even though the 
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product ions were not related to one another by a consecutive dissociation.  This again 
demonstrated the limitation of the method for being able to identify the intermediate 
product ion from a consecutive dissociation; however, consideration of the sample 
structure and MS3 analyses may be useful in eliminating possible intermediate product 
ions.  For this reason, MS3 analyses are beneficial for determining the possible 
dissociation routes in order to compliment the information gained during 2D-CMS 
analysis of MS2 data.  This model also presented a potential flaw in the interpretation of 
the results.  For this model, it was assumed that only m/z 50 further dissociated to form 
a product ion that fell below the low mass cut-off; however, if one of the product ions 
has enough excess internal energy to undergo a subsequent dissociation, it would not 
be unreasonable for other product ions to do the same.  If this were to occur, then 
multiple precursor-product ion peaks in the expanding window coherence plot may 
decrease in intensity. 
 
 
4.1.1.2.2.4 More Complex Dissociation Pathways 
 
Model 15 was created, as shown in Figure 3.6 in section 3.1.1.2.3.  The results of the 













Figure 4.21:  Model 15, (a) plot of concentration vs. time, (b) plot of only precursor-
product ion peaks, (c) expanding window coherence plot, (d) plot of only product-





In the expanding window coherence plot, two precursor-product ion peaks (100/10 and 
100/2) were significantly larger than the remaining peaks which were consistent with 
ions that corresponded to consecutive dissociations.  All of the remaining precursor-
product ion peaks had similar intensities, which was indicative of the ions being formed 
primarily from parallel dissociations the precursor ion.  Although the ions m/z 20, m/z 8, 
and m/z 5 dissociated further, their intensities did not significantly differ from the purely 
parallel precursor-product ion peaks (100/50 and 100/30) since their rates of 
dissociation to the secondary product ions were small.  The product-product ion peaks 
of the expanding window coherence plot showed significant peaks for the secondary 
product ions m/z 10 and m/z 2.  In addition, two negative peaks, 10/8 and 10/5, 
indicated that m/z 8 and m/z 5 were losing intensity while m/z 10 gained intensity.  
There was a weak peak at 8/5 that increased in intensity along the perturbation range 
since m/z 8 and m/z 5 were lost at different rates so were no longer dissimilar.  The 
peak 20/5 had an intensity of zero since both ions were dissociating at the same rate.  
This model demonstrated that a secondary product ion produced from a single 
intermediate product ion or two different intermediate product ions may still be identified 
as a secondary product ion.  While the exact intermediate ion was not readily apparent, 
MS3 analysis may be used to limit the number of possible pathways by showing which 




The concept of determining whether a particular ion was gaining or losing intensity 
based on the sign of the coherence peak intensity became more complicated as the 
dissociation mechanism became more complex.  For instance, the intermediate ion in a 
mixed dissociation was both gaining intensity from the precursor ion and losing intensity 
as it further dissociated in a consecutive dissociation.  For more complex dissociation 
mechanisms, product ion intensities may have been gained and lost through several 
dissociation pathways.  A few of these pathways were discussed using models 16-17 
where the dissociation schemes were shown in Figure 3.7  in section 3.1.1.2.3.  The 
parallel, consecutive, and mixed dissociation models (which corresponded to the 
arbitrarily chosen values mass-to-charge values of  m/z 75, m/z 60, m/z 50, m/z 30, m/z 
20 and m/z 10) had previously been discussed in models 10-13; therefore, were not 
discussed individually in this model but were present in the models in order to compare 
the coherence peak intensities to those of the two more complex mixed dissociations 
(corresponding to the chosen mass-to-charge values m/z 58, m/z 55, m/z 52, m/z 28, 
m/z 25, and m/z 23). 
 












Figure 4.22:  Model 16, (a) plot of concentration vs. time, (b) plot of only precursor-
product ion peaks, (c) expanding window coherence plot, (d) plot of only product-
product ion peaks 
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It was immediately apparent from the expanding window coherence plot that m/z 10 and 
m/z 23 were secondary product ions that resulted from a consecutive dissociation since 
they had significantly greater intensities for their corresponding precursor-product ion 
peaks.  When the mixed dissociation consisting of three product ions produced from 
parallel dissociation of the precursor ion (m/z 52, 55, and 58) was considered, it is 
observed in the expanding window coherence plot that the precursor-product ion peaks 
resembled a mixed dissociation in that the peaks had nearly equivalent intensities when 
the coherence spectra were calculated using only the low perturbation range, and the 
peak intensities deviate from equality increase as the perturbation range increases.  
The precursor-product ion intensity for 100/52 was greater than 100/55 which was 
greater than 100/58.  This was consistent with the amount of m/z 52 being gained 
having been greater than for m/z 55 which was greater than for m/z 58.  Since the 
dissociation mechanisms of m/z 58 and m/z 52 were similar to that of m/z 75 and m/z 
60, respectively, the previously studied mechanisms will not be discussed in detail.  The 
m/z 55 peak was unique to this model as it both gained and lost intensity by consecutive 
pathways.  The precursor-product ion peak intensity for 100/55 was similar to that of the 
purely parallel dissociations 100/50 and 100/30 which may have been misinterpreted as 
100/55 being parallel under the influence of noise; however, there was a gradual 
increase in the product-product peak intensities for 55/50 and 55/30 which indicated that 
m/z 55 was part of a mixed dissociation.  Based on the interpretation of the larger 
kinetic models in section 4.1.1.2.1, the positive 55/50 and 55/30 peaks may have been 
interpreted as m/z 55 is being lost relative to m/z 50 and m/z 30 or that m/z 50 and m/z 
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30 were being gained by an additional process relative to m/z 55.  The first 
interpretation was accurate for this model as m/z 55 was being lost relative to m/z 50 
and m/z 30.  To be more precise, in addition to being formed from the precursor ion 
(m/z 100), m/z 55 was also being gained from m/z 58, but since all the rate constants 
were set equal to one, the loss of m/z 55 to m/z 52 was slightly greater than the gain of 
m/z 55 from m/z 58 which resulted in positive peaks of weak intensities for 55/50 and 
55/30.  The product-product ion peaks 55/52, 58/52 and 58/55 were all positive and 
gradually increased in intensity as the perturbation range increased, which was 
indicative of a mixed dissociation.  The product-product ion peak 75/58 had an intensity 
of zero across the perturbation range since both m/z 75 and m/z 58 gained intensity 
from the precursor (m/z 100) and lost intensity (to m/z 60 and m/z 55 respectively) at 
identical rates.  The product-product ion peaks 60/55 and 60/58 both had negative 
intensities since both m/z 55 and m/z 58 were decreasing in intensity relative to m/z 60.  
The peak 60/52 was positive with a very weak intensity since m/z 52 was gaining 
intensity relative to m/z 60.  The peaks 75/55 and 55/20 had equal intensities of 
opposing signs.  The 75/55 peak was positive with a weak intensity which results from 
m/z 55 gaining in intensity relative to m/z 75.  Since the rate constants were all equal to 
one, the intensities of m/z 75 and m/z 20 were equivalent which explained why the 
product-product ion peak intensities 75/55 and 55/20 were identical in terms of their 
absolute abundance.  The 55/20 peak was negative since m/z 55 was now the m2 ion 




Next the mixed dissociation which consisted of two product ions (m/z 28 and m/z 25) 
produced from parallel dissociations of the precursor ion and a secondary product ion 
(m/z 23) produced from a purely consecutive dissociation was considered.  As 
previously mentioned, the precursor-product ion peak 100/23 was indicative of a purely 
consecutive dissociation by its significantly larger intensity compared to the other 
precursor-product ion peaks.  The precursor-product ion peak 100/28 had an intensity 
that was less than the peak 100/25, and their corresponding product-product ion peak 
28/25 gradually increased in intensity across the perturbation range.  These trends were 
consistent with a mixed dissociation.  When compared to the simple mixed dissociation 
(corresponding ions m/z 75 and 60), the coherence peak intensities were less intense 
for the 100/28, 100/25, and 28/25 peaks compared to the 100/75, 100/60, and 75/60 
which was a result of m/z 25 further dissociating to m/z 23.   
 
Model 17 was created following the same dissociation mechanisms; however, the rate 
constants were altered to produce a range of values.  The consecutive dissociations 
were all chosen to have a rate of 0.3 or less.  The results of the 2D-CMS experiment on 












Figure 4.23:  Model 17, (a) plot of concentration vs. time, (b) plot of only precursor-
product ion peaks, (c) expanding window coherence plot, (d) plot of only product-
product ion peaks 
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The intense precursor-product ion peak intensities in model 17 for m/z 23 and 10 
corresponded to secondary product ions.  The remaining precursor-product ion peaks 
had similar peak intensities with a lack of significant precursor ion-precursor ion peaks, 
which was indicative of their main dissociation pathways being parallel.  It was 
concluded from models 15-17 that a limitation of the 2D-CMS method is that when more 
than one type of dissociation pathway is present, the exact intermediate ion may not be 
able to be determined.  However, the 2D-CMS method could readily identify a 
secondary product ion.  In addition, those product ions that resulted primarily from 
parallel dissociation of the precursor ion were readily identified. 
 
 
4.1.2 Analysis of Molecules 
 
 
4.1.2.1 Simple Molecules 
 
 
4.1.2.1.1 Methyl ethyl ketone (MEK) 
 















Figure 4.24:  MEK (a) breakdown curve as a function of excitation time, (b) breakdown 
curve as a function of collision induced dissociation energy, (c) coherence spectrum as 
a function of excitation time, (d) coherence spectrum as a function of collision induced 
dissociation energy, (e) expanding window coherence plot as a function of excitation 




It is already known that MEK dissociates via two parallel alpha-cleavages; therefore, 
parallel results were expected.  Both sets of data produced expanding window 
coherence plots that resembled parallel dissociation mechanisms with the addition of 
noise.  While a weak 57/43 product-product ion peak was observed, the peak intensity 
decreased as the expanding window perturbation range was increased.  This slight 
deviation, from the modeled coherence peak intensities, may have been attributed to 
instrumental noise due to each data point being produced from a separate scan events; 
however, an additional cause for this deviation was also investigated.  For instance, 
variation in the coherence spectral peaks may have occurred if the experimental 
dissociation was not a purely parallel system but instead a more intricate system 
involving a complex between the precursor ion and fragment radicals.  In order to 
investigate this possibility, tandem mass spectrometry experiments were conducted 
over a range of excitation times; however, the mass spectral peaks, m/z 101 and m/z 
87, which would have resulted from complex reactions, were not observed.  
Additionally, it may have been possible for the product ions to further dissociate if they 
had enough internal energy.  The possibility of m/z 57 further dissociating to m/z 43 was 
addressed by the analysis of d3-MEK (see section 4.1.2.1.2).  It was also possible for 
m/z 43 to further dissociate to below the low mass cut-off.  This is an inherent limitation 





4.1.2.1.2 d3-Methyl ethyl ketone (d3-MEK) 
 
Since the results of the MEK experiment showed a slight deviation from the computer 
generated parallel models, the possibility of an additional consecutive pathway of m/z 
57 dissociating to m/z 43 was investigated.  This was done by analyzing d3-MEK.  If the 
additional consecutive pathway was present, the product ions m/z 57, m/z 46, and m/z 
43 would have been observed; however, m/z 43 was not observed, confirming that this 
pathway was not present in MEK.  Although d3-MEK was not purified following the 
synthesis, the tandem mass spectral results were consistent with the proposed 
dissociation of d3-MEK, shown in Figure 3.9, which indicated that the synthesis was 
















Figure 4.25:  d3-MEK (a) breakdown curve as a function of excitation time, (b) 
breakdown curve as a function of collision induced dissociation energy, (c) coherence 
spectrum as a function of excitation time, (d) coherence spectrum as a function of 
collision induced dissociation energy, (e) expanding window coherence plot as a 
function of excitation time, (f) expanding window coherence plot as a function of 
collision induced dissociation energy 
218 
 
Like MEK, d3-MEK has a parallel dissociation mechanism which was observed in the 
resulting coherence and expanding window coherence plots.  The induction period was 
removed from the varying CID data (0-0.15 V) prior to coherence and expanding 
window coherence calculations.  Slight deviations from kinetic models were observed, 
but these were attributed to instrumental noise. 
 
 
4.1.2.1.3 Tetraethylsilane (TES) 
 
MS2 analysis of m/z 87 observed in the full scan showed that m/z 87 dissociated to form 
the product ion m/z 59, as expected for the consecutive dissociation of TES (see Figure 












Figure 4.26:  TES (a) breakdown curve as a function of excitation time, (b) coherence 
spectrum as a function of excitation time, (d) expanding window coherence plot as a 
function of excitation time 
 
The tandem mass spectrometry experiment on the precursor ion m/z 115 [Si(C2H3)3
+] 
revealed the expected product ions, m/z 87 and m/z 59.  Only the changing CID 
perturbation produced a breakdown curve of minimal noise with an abundant m/z 59 
peak.  The results of the 2D-CMS experiment were consistent with the kinetic models 
for a consecutive reaction in that the coherence spectrum showed three peaks of 
varying intensities.  The expanding window coherence plot showed that at low 
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perturbation ranges, the 115/59 and 115/87 peaks appeared to be of similar intensity 
with a very weak 87/59 peak.  This result was consistent with either a mixed reaction or 
that of a consecutive reaction where the perturbation increment is not small enough 
(see section 4.1.1.1.2.2).  Although the instrumentation software allowed for methods to 
be created with a smaller perturbation increment, the breakdown curve produced had a 
step-like pattern which indicated that the instrument did not accurately respond to each 
perturbation increment (data not shown).   
 
The possibility of ion-molecule reactions within the ion trap were taken into 
consideration.  Cooks et al. studied tetraethylsilane and observed a water adduct with 
the siliconium ion (m/z 115) which resulted in a m/z 133 peak of very low abundance.  
They also noted that ion-molecule abundances increase as the delay time between ion 
isolation and product ion analysis is increased52.  In the TES data presented in this 
paper, a peak of very low intensity corresponding to m/z 105 (m/z 87 + H2O) was 
observed; however, duplicate analysis of the data presented in this dissertation with the 
upper mass cut-off extended to include m/z 133 showed that following normalization, 
the sum of the mass-to-charge ions 105 and 133 remained at four percent or below 
(data not shown).  Therefore, the ion-molecule reactions were considered negligible.  In 
the case of more intense ion-molecule peak intensities, the intensities of the ions that 
corresponded to the same product ion (the product ion peak and the product ion-
molecule peak) may be summed together in order to account for the full intensity.  For 
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these reasons, it is necessary to consider those ion-molecule mass-to-charge peak 
intensities that may be present and ensure the mass-to-charge range that is being 
detected will include such peaks.  Similarly, the loss of ions due to dissociation of the 
precursor ion and/or further dissociation of product ion peaks which result in mass-to-
charge values below the low mass cut-off would influence the results.  These issues 
should be taken into consideration for any analysis. 
 
 
4.1.2.1.4 Oligoperoxide trimer [H(OOC(CH3)2)3OOH+NH4]
+ 
 
The precursor ion (m/z 279) was shown to dissociate primarily to product ions m/z 249 
and m/z 173, consistent with previous work10.    The fragment ion m/z 249 appeared in 
the mass spectra as a broad peak with fronting (see Figure 4.28), which was indicative 





Figure 4.27: Mass spectrum of MS2 analysis of m/z 279 showing peak fronting of the 
product ion m/z 249 
 
An MS3 experiment (shown in Figure 4.56 in section 4.1.2.2.3.2) on the fragment ion 
m/z 249, with an isolation window of 10 m/z units on either side of the precursor ion, 
was observed to primarily dissociate to m/z 173.  Given that m/z 249 was a fragile ion 
which indicated it could readily dissociate and that MS3 experiments demonstrated it 
primarily dissociated to m/z 173, these results indicated that at least a consecutive 
dissociation pathway was likely to occur.  The 2D-CMS analysis results of the sodiated 
oligoperoxide trimer, [H(OOC(CH3)2)3OOH+Na]

















Figure 4.28:  Sodiated oligoperoxide trimer, [H(OOC(CH3)2)3OOH+Na]
+  (a) breakdown 
curve as a function of excitation time, (b) breakdown curve as a function of collision 
induced dissociation energy, (c) coherence spectrum as a function of excitation time, (d) 
coherence spectrum as a function of collision induced dissociation energy, (e) 
expanding window coherence plot as a function of excitation time, (f) expanding window 
coherence plot as a function of collision induced dissociation energy 
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Both sets of data (with varying ET or varying CID energy) resulted in coherence spectra 
over the full perturbation range with three peaks of varying intensities.  The expanding 
window coherence plots were consistent with those of the computer modeled mixed 
reactions (see section 4.1.1.1.1) as well as with consecutive reactions where the 
perturbation increment was too large (see section 4.1.1.1.2.2).  It was noted that since 
m/z 249 was determined to be a fragile ion as evident by peak fronting, its intensity in 
the breakdown curve may not have been accurately represented.  Therefore, the 2D-
CMS results may have been skewed. 
 
 





Tandem mass spectral analysis of lithiated β-gentiobiose, m/z 349, resulted in several 
product ions including m/z 331, 289, 259, 229, and 205, where m/z 205 was also 
observed in the dissociation of disaccharides200.  MS3 experiments demonstrated that 





Figure 4.29:  MS3 of m/z 349289 
 
An MS3 experiment of m/z 331 resulted in several fragments of low abundance 
including m/z 229; while, MS3 analyses of m/z 259 and m/z 229 resulted primarily in the 
product ions m/z 187 and 169 (data not shown).  Figure 4.30 shows the resulting 
breakdown curves and expanding window coherence plots of the 2D-CMS analyses 
including the precursor ion, m/z 349, and the product ions m/z 331, m/z 289, m/z 259, 
and m/z 229 which are known to form via parallel dissociation of the precursor ion.  For 
simplicity, only those ions that may result from parallel dissociation are shown in the 



















Figure 4.30:  Breakdown curves and expanding window coherence plots for gentiobiose 
at different CID energies: (a & b) 27, (c & d) 30, (e & f) 40, and (g & h) 50% of 5 Vp-p 
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The first expanding window coherence plot in Figure 4.30 demonstrated that at the 
lowest CID energy, all of the precursor-product ion peaks had nearly equivalent 
intensities while the product-product ions peaks were very weak.  This was consistent 
with the parallel dissociation model.  Additional experiments were performed to 
decrease the CID energy further; however, the required excitation time range to result in 
a full breakdown curve—where the normalized precursor ion intensity decreases to 
approximately zero—exceeded the limitations of the instrument.  While it may have 
been possible that weak mixed dissociations were occurring, the primary dissociation 
pathways were parallel which was consistent with the results of Asam and Glish11.  This 
demonstrated that although MS3 experiments determined that m/z 229 could be formed 
from dissociation of m/z 289, both m/z 289 and m/z 229 may also be formed directly 
from the precursor ion, m/z 349.  The remaining expanding window coherence results, 
shown in Figure 4.30, demonstrated that as the CID energy was increased, the 
precursor ions were no longer consistent with being formed from a purely parallel 
dissociation of the precursor ion.  This indicated that mixed dissociations may have 
occurred, for example m/z 289 dissociating to m/z 259 and m/z 229.  This may also 
have indicated that consecutive reactions may have been occurring such as m/z 259 
and m/z 229 further dissociating to m/z 187 and m/z 169.  The increase in the intensities 
of the precursor-product ion peaks 349/229 and 349/259 as a result of the increased 
CID energy of the four experiments indicated that these product ions were being formed 
from an additional pathway.  MS3 analysis confirmed m/z 289 dissociated primarily to 
these product ions, which demonstrated that a mixed dissociation occurred.  This was 
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similar to the increase in the intensity of the 100/60 peak in the mixed dissociation 
shown in Figure 4.15.  Further dissociations of m/z 229 and m/z 259 could have also 
influenced the precursor-product ion peak intensities; however, those consecutive 
losses would have resulted in decreased precursor-product ion peak intensities.  Recall 
that the peak intensities are dependent on the rate constants.  Analysis of β-gentiobiose 
demonstrated that at low CID energies the lowest-energy pathways which resulted in 
product ions produced from parallel dissociation of the precursor ion may be 
determined.  As the CID energy was increased, additional dissociation pathways may 




4.1.2.2.2 Ammonium adduct open-chained oligoperoxides 
[H(OOC(CH3)2)nOOH+NH4]
+ where n=3-8 
 
In this section, the results are presented of the 2D-CMS analysis of ammonium adduct 
oligoperoxide precursor ions, [H(OOC(CH3)2)nOOH+NH4]
+ where n=3-8.  The resulting 
product ions are compared in section 4.1.2.2.2.1.  In order to determine possible 
dissociation pathways, MS3 analyses of the product ions were performed as shown in 
section 4.1.2.2.2.1.  The 2D-CMS results are shown in section 4.1.2.2.2.3.  Finally, 
section 4.1.2.2.2.4 will present the results of the statistical test of equivalent pathways 
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(STEP) method for the oligoperoxide heptamer precursor ion and compare the results to 
those obtained by 2D-CMS. 
 
 
4.1.2.2.2.1 Comparison of Product Ions Observed from MS2 Analyses 
 
The ammonium adduct open-chain oligoperoxide [H(OOC(CH3)2)nOOH+NH4]
+ precursor 
ions (where n=3-8) were analyzed using three different experiments, as described in 
section 3.1.2.2.2.3.  Figure 4.31 through Figure 4.33 show sample mass spectra which 
show the product ions that result from MS2 analysis of the precursor ions when the CID 
energy was held at 20% of 5 Vp-p while the excitation time was varied, 30% of 5 Vp-p 
while the excitation time was varied, and when the excitation time was held constant 





Figure 4.31:  Comparison of tandem mass spectra for ammonium adduct oligoperoxides 
n=3-8 for the constant CID=20% 
Red indicates open-chained oligoperoxide structures, blue indicates cyclic structures, 
green indicates acyl-terminated structures, and purple indicates open-chained 





Figure 4.32:  Comparison of tandem mass spectra for ammonium adduct oligoperoxides 
n=3-8 for the constant CID=30%. 
Red indicates open-chained oligoperoxide structures, blue indicates cyclic structures, 
green indicates acyl-terminated structures, purple indicates open-chained 






Figure 4.33:  Comparison of tandem mass spectra for ammonium adduct oligoperoxides 
n=3-8 for the constant excitation time.  
Red indicates open-chained oligoperoxide structures, blue indicates cyclic structures, 
green indicates acyl-terminated structures, purple indicates open-chained 
oligoperoxides lacking a proton, and dark green indicates diacyl-terminated structures. 
 
In the figures, the product ions that were indicated by a blue square were presumed to 
have a cyclic structure (as shown in Figure 2.22, in section 2.3.1).  Product ions that 
correspond to the ammonium adducts of smaller open-chained oligoperoxides were 
designated by a red square (as shown in Figure 2.22, in section 2.3.1), while those 
ammonium adducts with masses that corresponded to smaller open-chained 
oligoperoxides with the loss of a proton were labeled by a purple square.  These are 
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consistent with the structure labeled C in Figure 2.19 (in section 2.3.1).  Acyl-terminated 
oligoperoxides were represented by green squares, and those product ions that 
corresponded to diacyl-terminated ammonium adduct product ions were labeled by 
green squares filled with dark green.  These were consistent with the structures in 
Figure 2.19 (in section 2.3.1).  The three different figures showed results that were 
consistent with previous work10 where the smaller open-chained oligoperoxides 
produced primarily cyclic and smaller open-chained oligoperoxides and the acyl-
terminated oligoperoxides became the predominant product ions as the precursor ion 
open-chained oligoperoxide size increased.  The product ions were similar throughout 
the three experiments with the exception of the heptamer and octamer products in the 
second and third experiments where diacyl-terminated product ions were observed.  It 
was interesting to note in the first experiment that the cyclic trimer, TATP, was observed 
in the mass spectra for the dissociation of the open-chained oligoperoxide trimer 
through the heptamer.  The open-chained oligoperoxide trimer was observed below a 
normalized intensity of one percent for the dissociation of the open-chained 
oligoperoxide tetramer but was weakly observed in the results for the pentamer and 
hexamer.  Therefore, the 2D-CMS results should indicate whether or not the cyclic 
trimer, TATP, was formed from a consecutive dissociation of the trimer, as previously 




4.1.2.2.2.2 MS3 Analyses of Product Ions 
 
MS2 and MS3 analyses were performed to determine possible dissociation pathways of 
the observed product ions, as mentioned in section 3.1.2.2.2.3.  The MS2 analyses of 
the ammonium adduct open-chained oligoperoxides which ranged from the trimer to the 
octamer were summarized in the previous section 4.1.2.2.2.1.  Figure 4.34 shows the 
MS3 results for the dissociations of the open-chained oligoperoxide dimer, m/z 200, and 
analyses of the product ions which corresponded to smaller open-chained 
oligoperoxides lacking a proton, m/z 273, 347, and 421.  However, when m/z 273 and 













Figure 4.34:  MS3 of (a) m/z 200, (b) m/z 273, (c) m/z 347, and (d) m/z 421 
 
Like the open-chained oligoperoxides summarized in section 3.1.2.2.2.3, the product 
ions observed correspond to cyclic (m/z 240), acyl-terminated (m/z 242 and 316), and 
smaller open-chained oligoperoxides lacking a proton (m/z 273).  The cyclic 
oligoperoxides m/z 274 and m/z 314 were analyzed and are shown in Figure 4.35.  The 








Figure 4.35:  MS3 of (a) m/z 240 and (b) m/z 314 
 
It was noted that for both the cyclic precursor ions, a product ion was observed which 
corresponded to the protonated cyclic structure, m/z 223 and 297, which resulted from a 
loss of ammonia.  As was previously reported110, TATP with m/z 240, dissociated 
primarily to m/z 91 and 74.  The acyl-terminated oligoperoxides, m/z 242, m/z 316, m/z 



















The acyl-terminated product ions dissociated primarily to smaller acyl-terminated 
product ions and diacyl-terminated product ions, m/z 210, m/z 284, m/z 358 and m/z 
432.  In addition, other product ions (m/z 208 and m/z 282) were observed which were 
consistent with acyl-terminated structures with a loss of a hydroxyl group and ammonia.   
 
It should also be noted that MS3 analysis of the acyl-terminated product ions resulted in 
subsequent product ions with mass-to-charge ratios that were consistent with the cyclic 
peroxides.  These mass-to-charge ratios were also consistent with an oligoperoxide 
structure that was acyl-terminated on one end and had an ether terminus on the other 
end which could have resulted from the proposed 1,3-methyl migration to an oxygen 
atom.  In order to discriminate between these two structures, MS4 experiments were 
attempted; however, they were unsuccessful due to the inability to isolate these ions as 
a result of their low intensities.  Given that equivalent product ions were not observed in 
the analysis of the sodiated oligoperoxides (discussed in section 4.1.2.2.3) and the 
computational chemistry results indicated a 1,3-methyl shift was unlikely to have 
occurred for the given experiments (see section 4.2.3), these product ions were 





4.1.2.2.2.3 2D-CMS Results for the Ammonium Adduct Open-Chained 
Oligoperoxides 
 
Three experiments were performed, as described in section 3.1.2.2.2.3, for each of the 
ammonium adduct open-chained oligoperoxides [H(OOC(CH3)2)nOOH+NH4]
+ where 
n=3-8.  The results are shown in Figure 4.37 through Figure 4.49, where for each open-
chained oligoperoxide analyzed, two figures were created.  The first figure corresponds 
to the first experiment and shows the breakdown curve, expanding window coherence 
plot, and two smaller expanding window coherence plots corresponding to only the 
precursor-product ion peaks or the precursor ion-precursor ion peaks.  The second 
figure created for each open-chained oligoperoxide contains the breakdown curves and 
expanding window coherence plots for experiments two and three, since these 











Figure 4.37:  Precursor ion n=3, m/z 274, constant CID=20% (a) breakdown curve, (b) 
expanding window coherence plot, (c) plot of only precursor-product ion peaks, (d) plot 













Figure 4.38:  Precursor ion n=3, m/z 274  (a) constant CID=30%  breakdown curve, (b) 
constant excitation time breakdown curve, (c) constant CID=30% expanding window 















Figure 4.39:  Precursor ion n=4, m/z 348, constant CID=20%  (a) breakdown curve, (b) 
plot of only precursor-product ion peaks, (c) expanding window coherence plot, (d) plot 
of only product-product ion peaks, (e) plot of only product-product ion peaks with most 











Figure 4.40:  Precursor ion n=4, m/z 348 including m/z 274 and 297, constant CID=20%  
(a) breakdown curve, (b) plot of only precursor-product ion peaks, (c) expanding window 











Figure 4.41:  Precursor ion n=4, m/z 348 (a) constant CID=30%  breakdown curve, (b) 
constant excitation time breakdown curve, (c) constant CID=30% expanding window 











Figure 4.42:  Precursor ion n=5, m/z 422, constant CID=20%  (a) breakdown curve, (b) 
plot of only precursor-product ion peaks, (c) expanding window coherence plot, (d) plot 











Figure 4.43:  Precursor ion n=5, m/z 422 (a) constant CID=30%  breakdown curve, (b) 
constant excitation time breakdown curve, (c) constant CID=30% expanding window 












Figure 4.44:  Precursor ion n=6, m/z 496, constant CID=20%  (a) breakdown curve, (b) 
plot of only precursor-product ion peaks, (c) expanding window coherence plot, (d) plot 











Figure 4.45:  Precursor ion n=6, m/z 496 (a) constant CID=30%  breakdown curve, (b) 
constant excitation time breakdown curve, (c) constant CID=30% expanding window 











Figure 4.46:  Precursor ion n=7, m/z 570, constant CID=20%  (a) breakdown curve, (b) 
plot of only precursor-product ion peaks, (c) expanding window coherence plot, (d) plot 











Figure 4.47:  Precursor ion n=7, m/z 570 (a) constant CID=30%  breakdown curve, (b) 
constant excitation time breakdown curve, (c) constant CID=30% expanding window 











Figure 4.48:  Precursor ion n=8, m/z 644, constant CID=20%  (a) breakdown curve, (b) 
plot of only precursor-product ion peaks, (c) expanding window coherence plot, (d) plot 











Figure 4.49:  Precursor ion n=8, m/z 644 (a) constant CID=30%  breakdown curve, (b) 
constant excitation time breakdown curve, (c) constant CID=30% expanding window 




Similar 2D-CMS results were observed for each of the oligoperoxides, the first 
experiment, where the CID energy was maintained at 20% of 5 Vp-p and the excitation 
time was varied as the applied perturbation.  In each of the expanding window 
coherence plots, the precursor-product ion peaks were of similar intensities while there 
was a lack of significant product-product ion peaks; therefore, the results were 
consistent with the products ions being formed from parallel dissociations of the 
precursor ions.  When the tetramer was analyzed, the open-chained oligoperoxide 
trimer, m/z 274, did not have a normalized intensity above one percent; therefore, it was 
excluded for the 2D-CMS analysis.  A subsequent analysis was performed which 
included the trimer and the protonated cyclic tetramer, m/z 297, in order to determine if 
the trimer also gave results which were consistent with a parallel dissociation or if it 
behaved more as an intermediate in a consecutive dissociation.  These results were 
shown in Figure 4.40, where the trimer was also consistent with being formed from a 
parallel dissociation of the precursor ion.  It was noted that the protonated cyclic dimer 
and tetramer, m/z 149 and m/z 297, showed peak fronting in the mass spectra which 
were consistent with fragile ions.  In addition, these product ions resulted in precursor-
product ion peaks of decreased intensities in the expanding window coherence plots 
(see Figure 4.39, Figure 4.40, and Figure 4.42), which were consistent with the fragile 
ion model (see section 4.1.1.2.2.3).  It was interesting to note that the cyclic trimer, 
TATP, product ion was consistent with being formed by a parallel dissociation of the 
precursor ion not only from dissociation of the open-chained oligoperoxide trimer, but 
also from the open-chained oligoperoxide tetramer, pentamer, hexamer, and heptamer.  
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Previous MSn studies had demonstrated that TATP could be formed from the loss of 
hydrogen peroxide from the trimer; however, the 2D-CMS results for the tetramer 
through the heptamer also indicated TATP could be formed directly from larger open-
chained oligoperoxide precursor ions.  A possible dissociation mechanism will be 
addressed in section 4.2.3. 
 
The results of experiments two and three were similar due to their increased average 
precursor ion internal energies when compared to the first experiment.  For all of the 
oligoperoxides, the expanding window coherence plots showed decreased precursor-
product ion intensities for the product ions with structures that corresponded to cyclic, 
smaller open-chained oligoperoxides, or open-chained oligoperoxides lacking a proton.  
In other words, the more intense precursor-product ion peaks corresponded to the acyl-
terminated product ions.  These results were attributed to the product ions further 
dissociating to smaller product ions or below the low mass cut-off; therefore, their 
results were consistent with the mixed and fragile ion models.  As computational 
chemistry will demonstrate in section 4.2.2, the relative energies of the acyl-terminated 
product ions are lower than for the other product ions, which indicated they may be 
more stable.  The second and third experiments were most unique for analysis of the 
heptamer and the octamer, shown in Figure 4.47 and Figure 4.49, respectively.  For 
these two oligoperoxides, additional product ions were observed which were not 
observed in the first experiment, and these products corresponded to diacyl-terminated 
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product ions.  These product ions had the most intense precursor-product ion peaks in 
the expanding window coherence plots, and appeared to be significantly more intense 
than the other product ions.  The results were consistent with these product ions being 
secondary product ions, as was demonstrated in the kinetic models (see sections 
4.1.1.1.1 and 4.1.1.2).  As MS3 studies demonstrated in section 4.1.2.2.2.2, these 
product ions resulted from dissociation of acyl-terminated product ions.  While the exact 
dissociation pathways and intermediates could not be determined, which was a noted 
limitation of the 2D-CMS method (see section 4.1.1.2.2.4), the main dissociation 
pathways appeared to be that the diacyl-terminated product ions were secondary 
product ions that were formed from acyl-terminated product ions.  The other product 
ions were consistent with being formed primarily from the precursor ion with possible 
mixed dissociations having occurred as a result of increased precursor ion internal 
energies. 
 
Therefore, it was beneficial to analyze the oligoperoxides using more than one 
experiment.  For the first experiment, the CID energy was selected which provided 
results consistent with parallel dissociations (note the limitation of the available 
excitation time range for the instrument, mentioned in section 4.1.2.2.1).  This first 
experiment demonstrated the lowest energy dissociation pathways.  As the precursor 
ion internal energy was increased by increasing the CID energy, in the case of the 
second experiment, or varying the CID energy as the perturbation, in the third 
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experiment, higher energy dissociation pathways were achieved.  The number of 
possible dissociation pathways was narrowed down by MSn experiments.  The third 
experiment resulted in increased coherence peak intensities compared to the second, 
which indicated the third experiment resulted in larger overall rate constants and 
therefore a higher average internal energy for the population of precursor ions.  This 
was a result of the increased kinetic energy of the collisions of the precursor ions with 
the helium bath gas and a subsequent increased average internal energy of the 
precursor ion population as a result of the increased CID energy.  Increasing the CID 
energy has a greater effect on the precursor ion internal energy when compared to 
increasing the excitation time which increasing the number of collisions.   
 
 
4.1.2.2.2.4 STEP Analysis 
 
The STEP ratios for the product ions resulting from the ammonium adduct of the open-
chained oligoperoxide heptamer for CID energy held constant at 20% and 30% of 5 V 








Figure 4.50:  STEP ratios for m/z 570 (a) CID=20%, (b) CID=30% 
 
 
According to Bandu et al., primary product ions have STEP ratios less than or equal to 
one14-16.  The first experiment was analyzed by the STEP method.  Dixon’s q-tests were 
performed for m/z 464, followed by m/z 316, and m/z 240.  All three q-tests concluded 
that the product ions were primary product ions.  For the CID=30% experiment, the 
STEP ratio for m/z 421 was abnormally low, which was indicative of a fragile ion; 
however, the mass spectral peak was not asymmetric.  In order to ensure that the q-test 
results were not skewed by the low STEP value, the q-test was calculated both with and 
without STEP ratio of m/z 421.  Q-tests were performed for m/z 316, m/z 242, m/z 240, 
m/z 284, and m/z 358.  The results were consistent when the STEP ratio of m/z 421 
was included or excluded and showed that m/z 284 and m/z 358 were secondary 
product ions while all other product ions were considered to be primary product ions.  
The identification of the secondary product ions was consistent with the results of 2D-
CMS.  The STEP method also determined that the other product ions were primary 
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product ions; however, the method was limited in that it could not determine whether a 
product ion resulted from a mixed dissociation.  While the 2D-CMS method was limited 
in determining the exact intermediate product ions, the variation in coherence peak 
intensities were indicative of primary product ions which were further dissociating to 
form diacyl-terminated secondary product ions. 
 
 
4.1.2.2.3 Sodium adduct open-chained oligoperoxides 
[H(OOC(CH3)2)nOOH+Na]
+ where n=3-8 
 
In this section, the results are presented for the 2D-CMS analysis of sodium adduct 
oligoperoxide precursor ions, [H(OOC(CH3)2)nOOH+Na]
+ where n=3-8.  The resulting 
product ions are compared in section 4.1.2.2.3.1.  In order to determine possible 
dissociation pathways, MS3 analyses of the product ions were performed as shown in 
section 4.1.2.2.3.2.  The 2D-CMS results are shown in section 4.1.2.2.3.3.  Finally, 
section 4.1.2.2.3.4 will present the results of the statistical test of equivalent pathways 
(STEP) method for the oligoperoxide heptamer precursor ion and compare the results to 





4.1.2.2.3.1 Comparison of Fragments Product Ions from MS2 Analyses 
 
The oligoperoxide [H(OOC(CH3)2)nOOH+Na]
+ precursor ions (where n=3-8) were 
analyzed using three different experiments, as described in section 3.1.2.2.2.3.  Figure 
4.51 through Figure 4.53 showed the product ions that resulted from MS2 analyses of 
the precursor ions when the CID energy was held at 20% of 5 Vp-p while the excitation 
time was varied, 30% of 5 Vp-p while the excitation time was varied, and when the 
excitation time was held constant and the CID energy varied.  The different product ions 
were color-coded as described in section 4.1.2.2.2.1.  In addition, those product ions 
which corresponded to two acyl-terminated structures forming a complex with the 
sodium ion were designated by an orange square, and other structures were designated 





Figure 4.51:  Comparison of tandem mass spectra for sodiated oligoperoxides n=3-8 for 
the constant CID=20% 
Orange indicates two acyl-terminated structures forming a complex with the ion, green 
indicates acyl-terminated structures, purple indicates open-chained oligoperoxides 






Figure 4.52:  Comparison of tandem mass spectra for sodiated oligoperoxides n=3-8 for 
the constant CID=30% 
Orange indicates two acyl-terminated structures forming a complex with the ion, green 
indicates acyl-terminated structures, purple indicates open-chained oligoperoxides 






Figure 4.53:  Comparison of tandem mass spectra for sodiated oligoperoxides n=3-8 for 
the constant excitation time 
Orange indicates two acyl-terminated structures forming a complex with the ion, green 
indicates acyl-terminated structures, purple indicates open-chained oligoperoxides 
lacking a proton, black indicates other structures, and dark green indicates diacyl-
terminated structures. 
 
Like the ammonium adducts results (see section 4.1.2.2.2.1), diacyl-terminated product 
ions were observed in the second and third experiments where the precursor ion 
internal energy was increased compared to the first experiment.  Unlike the ammonium 
adducts, product ions corresponding to complexes were observed, and cyclic and 
smaller open-chained oligoperoxide product ions were not observed. 
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4.1.2.2.3.2 MS3 Analyses of Product Ions 
 
MS2 and MS3 analyses were performed to determine possible dissociation pathways of 
the observed product ions, as discussed in section 3.1.2.2.2.3.  The MS2 analyses of 
the sodium adduct open-chained oligoperoxides ranging from the trimer to the octamer 
were summarized in the previous section 4.1.2.2.3.1.  Figure 4.54 shows the MS3 
results for the dissociations of the open-chained oligoperoxides lacking a proton:  m/z 
204, m/z 278, m/z 352, and m/z 426.  However, when m/z 278 and m/z 426 were 












Figure 4.54:  MS3 of (a) m/z 204, (b) m/z 278 (also isolated m/z 249), (c) m/z 352, and 
(d) m/z 426 (also isolated m/z 427) 
 
These product ions resulted primarily in acyl-terminated product ions (m/z 99, m/z 173, 
m/z 247, and m/z 321).  The product ions m/z 157 and m/z 231 were proposed to be the 
dimer and trimer with one hydroxyl-terminated end and an acyl-terminated end, 
[HOC(CH3)2OO(C=O)CH3+Na]
+ and [HOC(CH3)2OOC(CH3)2OO(C=O)CH3+Na]
+.  The 
















Figure 4.55:  MS3 of (a) m/z 173, (b) m/z 247, (c) m/z 321, (d) m/z 395, (e) m/z 469, and 




The acyl-terminated product ions were observed to dissociate primarily to smaller acyl-
terminated product ions and diacyl-terminated product ions (m/z 215, m/z 289, m/z 363, 
and m/z 437).  In addition, mass spectral peaks with mass-to-charge ratios consistent 
with the loss of ethane to form an acyl-terminated structure and a diacyl-terminated 
structure forming a complex with the sodium ion were observed (m/z 217, 439, and 
513).  Equivalent structures were not observed in the MS3 analyses of the ammonium 
adduct acyl-terminated ions shown in Figure 4.36.  The complex ions which 
corresponded to the loss of ethane from the open-chained oligoperoxide trimer and 






Figure 4.56:  MS3 of (a) m/z 249 and (b) m/z 323 
 
Both of these complexes primarily dissociated to from the acyl-terminated product ion 
with m/z 173.  The complex, m/z 249, which resulted from the loss of ethane from the 
trimer, was proposed to consist of an acyl-terminated dimer and acyl-terminated 
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monomer structure forming a complex with a sodium ion.  As dissociation energies 
calculated by computational studies will later show (see section 4.2.2), the monomer 
was preferentially lost due to its decreased dissociation energy, resulting in the 
observation of the sodiated acyl-terminated dimer (m/z 173).  For the complex, m/z 323, 







Figure 4.57:  Proposed structures for m/z 323 
 
Subsequent dissociations of m/z 323 would result in acyl-terminated product ions.  The 
first structure would dissociate to either m/z 173 or m/z 99; while, the second structure 
would have resulted in m/z 247.  The MS3 analyses, shown in Figure 4.56, confirmed 





4.1.2.2.3.3 2D-CMS Results for the Sodium Adduct Open-Chained Oligoperoxides 
 
Three experiments were performed, as described in section 3.1.2.2.2.3, for each of the 
sodium adduct open-chained oligoperoxides [H(OOC(CH3)2)nOOH+Na]
+ where n=3-8.  
The results are shown in Figure 4.37 through Figure 4.49, where for each open-chained 
oligoperoxide analyzed two figures were created.  The first figure corresponds to the 
first experiment and shows the breakdown curve, expanding window coherence plot, 
and two smaller expanding window coherence plots corresponding to only the 
precursor-product ion peaks or the precursor ion-precursor ion peaks.  The second 
figure created for each open-chained oligoperoxide contains the breakdown curves and 
expanding window coherence plots for experiments two and three, since these 












Figure 4.58:  Precursor ion n=3, m/z 279, constant CID=20%  (a) breakdown curve, (b) 
plot of only precursor-product ion peaks, (c) expanding window coherence plot, (d) plot 












Figure 4.59:  Precursor ion n=3, m/z 279 (a) constant CID=30%  breakdown curve, (b) 
constant excitation time breakdown curve, (c) constant CID=30% expanding window 











Figure 4.60:  Precursor ion n=4, m/z 353, constant CID=20%  (a) breakdown curve, (b) 
plot of only precursor-product ion peaks, (c) expanding window coherence plot, (d) plot 











Figure 4.61:  Precursor ion n=4, m/z 353 excluding m/z 248, constant CID=20%  (a) 
breakdown curve, (b) plot of only precursor-product ion peaks, (c) expanding window 











Figure 4.62:  Precursor ion n=4, m/z 353 (a) constant CID=30%  breakdown curve, (b) 
constant excitation time breakdown curve, (c) constant CID=30% expanding window 











Figure 4.63:  Precursor ion n=5, m/z 427, constant CID=20%  (a) breakdown curve, (b) 
plot of only precursor-product ion peaks, (c) expanding window coherence plot, (d) plot 











Figure 4.64:  Precursor ion n=5, m/z 427 (a) constant CID=30%  breakdown curve, (b) 
constant excitation time breakdown curve, (c) constant CID=30% expanding window 











Figure 4.65:  Precursor ion n=6, m/z 501, constant CID=20%  (a) breakdown curve, (b) 
plot of only precursor-product ion peaks, (c) expanding window coherence plot, (d) plot 











Figure 4.66:  Precursor ion n=6, m/z 501 (a) constant CID=30%  breakdown curve, (b) 
constant excitation time breakdown curve, (c) constant CID=30% expanding window 











Figure 4.67:  Precursor ion n=7, m/z 575, constant CID=20%  (a) breakdown curve, (b) 
plot of only precursor-product ion peaks, (c) expanding window coherence plot, (d) plot 











Figure 4.68:  Precursor ion n=7, m/z 575 (a) constant CID=30%  breakdown curve, (b) 
constant excitation time breakdown curve, (c) constant CID=30% expanding window 











Figure 4.69:  Precursor ion n=8, m/z 649, constant CID=20%  (a) breakdown curve, (b) 
plot of only precursor-product ion peaks, (c) expanding window coherence plot, (d) plot 










Figure 4.70:  Precursor ion n=8, m/z 649 (a) constant CID=30%  breakdown curve and 
(b) constant CID=30% expanding window coherence plot 
 
 
Unlike the previous analysis of the sodiated trimer, discussed in section 4.1.2.1.4, 
multiple product ions were included in the 2D-CMS analyses as these product ions had 
normalized abundances above one percent.  Analysis of the sodiated trimer, shown in 
Figure 4.58 and Figure 4.59, resulted in an expanding window coherence plot with 
precursor-product ion peaks of varying intensities which indicated that the product ions 
were not consistent with being formed by a parallel dissociation of the precursor ion.  
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When only the two most intense product ions, the acyl-terminated product ion with m/z 
173 and the complex with m/z 249, were considered, the 2D-CMS results for the first 
experiment were once again consistent with either a mixed dissociation or a 
consecutive dissociation in which the perturbation increment was too large.  For the 
second and third experiments, an additional product ion was observed, which 
corresponded to the acyl-terminated monomer with m/z 99.  This product ion resulted in 
an intense precursor-product ion peak, consistent with a secondary product ion 
produced from a consecutive dissociation.  MS3 studies previously demonstrated that 
this product ion may form from the subsequent dissociation of the acyl-terminated 
dimer, m/z 173 (see Figure 4.55). 
 
When the sodiated tetramer was analyzed using the first experiment, a product ion of 
m/z 248 was observed with a normalized abundance greater than one percent; 
therefore, it was initially included in the 2D-CMS analysis.  The results are shown in 
Figure 4.60.  All of the precursor-product ion peaks were relatively equivalent in 
intensity with the peak corresponding to the m/z 248 product ion having a slightly larger 
intensity.  This product ion had a mass-to-charge value which was equivalent with a loss 
of a proton from the complex that would form from the loss of ethane from the trimer.  
The 2D-CMS analysis was repeated excluding this product ion, and the results are 
shown in Figure 4.61, which were consistent with all of the product ions being formed 
from a parallel dissociation of the precursor ion.  Like the tetramer, the pentamer 
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through the octamer showed similar results where for the first experiment all of the 
product ions were consistent with being formed by a parallel dissociation of the 
precursor ion.  As the precursor ion population average internal energy was increased 
for the second and third experiments, additional product ions which corresponded to 
diacyl-terminated product ions were observed for the tetramer through the octamer 
(note that experiment three was not performed for the octamer).  As previously 
mentioned, an additional product ion was observed for the second and third 
experiments for the tetramer.  This product ion was consistent with a complex formed 
from the loss of ethane from an acyl-terminated product ion.  This complex and the 
diacyl-terminated product ions all had precursor-product ion intensities that were 
consistent with their being secondary product ions.  MS3 studies demonstrated that 
these may be formed from subsequent dissociations of the acyl-terminated product ions 
(see Figure 4.55).  The remaining product ions (acyl-terminated and smaller open-
chained oligoperoxides lacking a proton) showed results consistent with mixed 
dissociations having occurred.   
 
As was demonstrated in the results of the analyses of the ammonium adducts, 
comparing results from multiple experiments for the sodium adducts also showed 
different dissociation pathways which were dependent on the internal energy distribution 
of the precursor ion population.  While the exact dissociation pathways were not 
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necessarily able to be determined, the main dissociation pathways were apparent when 
using the 2D-CMS method. 
 
 
4.1.2.2.3.4 STEP Analysis 
 
The STEP ratios for the product ions resulting from the sodium adduct of the open-
chained oligoperoxide heptamer for CID energy held constant at 20% and 30% of 5 V 






Figure 4.71:  STEP ratios for m/z 575 (a) CID=20%, (b) CID=30% 
 
For this experiment, the STEP ratios for the product ions m/z 426 and m/z 352 seemed 
abnormally low, and the q-test was analyzed both with and without these values.  It 
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should be noted that the STEP analysis of pharmaceuticals using a quadrupole ion 
trap16 defined the low energy spectrum as the spectrum collected where the most 
abundant peak in the high energy spectrum had a relative abundance of 30% where in 
the analysis of peptides using a triple quadrupole14, 16 the relative abundance was 20%; 
whereas, a relative abundance of 20% was chosen for this dissertation research based 
on the mass spectral data that had previously been collected for the 2D-CMS analysis.  
The product ions with STEP ratio values less than one were considered to be primary 
product ions and were included in the q-test to determine if the remaining product ion 
STEP ratios were considered significantly different.  The q-test found that none of the 
STEP ratio values for the first experiment were significantly different from the ratios of 
the declared primary product ions resulting in all product ions being considered primary 
product ions.  These results were constant with the 2D-CMS results.  For the second 
experiment, the low STEP values for m/z 426 and 352 were shown to change the 
assignment of product ions as being primary or secondary.  When both of these STEP 
ratio values were included in the Dixon’s q-tests, all of the product ions were considered 
to be primary product ions.  When only the STEP ratio corresponding to m/z 426 was 
excluded, the product ions m/z 215, 289, and 363 were only considered to be 
secondary product ions at the 90% confidence level; however, at the 95% and 99% 
confidence levels, these product ions were determined to be primary product ions.  
Finally, when both low STEP ratios were excluded from the q-test results, m/z 215, m/z 
289, and m/z 363 were considered to be secondary product ions at both the 90% and 
95% confidence levels but not the 99% level.  However, the 2D-CMS method results 
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were consistent with these product ions being secondary product ions.  The 2D-CMS 
method results were also consistent with some of the acyl-terminated product ions 
being formed from mixed dissociations, making these product ions both primary and 
secondary.  The inclusion of these small STEP ratios as primary product ions skewed 
the q-test results for determining secondary product ions.  While it is possible that the 
STEP results may be improved by selecting the low energy mass spectra where the 
relative abundance of the most intense peak in the high energy spectrum was at 30% 
rather than 20%, the STEP method still does not take into account product ions that 
may be considered both primary and secondary.  This demonstrated how the 2D-CMS 
method was beneficial over the STEP method.  The exact assignment of primary or 
secondary ions, as well as the percent contribution of consecutive dissociations to 
mixed product ions, may be determined using a double resonance experiment; 





4.2 Computational Chemistry 
 
 
4.2.1 Determination of Zero-Point Energy Scaling Factor 
 
The calculated energies were ZPE corrected with and without scaling of the ZPE.  The 
scaling factor was determined by comparing the experimental and theoretical IR 
frequencies for TATP.  TATP was previously analyzed in the gas phase using FTIR, and 
the following peaks were observed:  3007, 2955, 1378, 1207, 945, 894, and 789 
wavenumbers (cm-1).  The IR spectrum which resulted from the DFT optimized TATP 
structure is shown in Figure 4.72 (see Figure 2.11 for optimized TATP structure). 
 
 




The calculated IR spectrum had a lower resolution compared to other calculated 
spectra106, 112.  The peak at approximately 1200 cm-1 was enlarged (see inset in Figure 
4.72), and the peak maximum was estimated to be 1152 cm-1.  The scaling factor was 
found by taking the ratio of the calculated and experimental peaks190:  1207/1152 = 
1.05.  The scaling factor, 1.05, was used to correct the calculated zero point energies. 
 
 
4.2.2 Energies and Adduct Binding Energies 
 
Structures which corresponded to the possible neutral, sodiated, and ammonium 
adducts of the precursor ions and the product ions which would result from the 
dissociation mechanisms discussed in 4.2.3, were optimized, and their corresponding 
energies and zero-point energies (ZPE) are summarized in Table 4.3.  While each of 
the acyl-terminated and ether-terminated structures which were proposed as a result of 
the 1,3-methyl shift mechanism (mechanism C) were optimized, only two possible 
complexes that could be formed as a result of the acyl-terminated and ether-terminated 
structures from a complex with a sodium ion as a result of the 1,3-methyl shift 
mechanisms were optimized.  The optimized structures may be observed in APPENDIX 
B (Figure A.1 through Figure A.76).  The ZPE-corrected energies were calculated both 
with and without the scaling factor (see section 4.2.1).  Dissociation energies were 
calculated as the difference between the calculated energy of the optimized adduct 
structure and the sum of the optimized individual components199.  The calculated adduct 
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dissociation energies are summarized in Table 4.4.  In Table 4.4 through Table 4.6 and 
in APPENDIX B, “n=#” corresponds to the open-chained oligoperoxide where # 
indicates the number of monomeric repeat units, [H(OOC(CH3)2)nOOH] or equivalently 
[H(OOC(CH3)2)n-1OOC(CH3)2OOH].  “An=#” indicates the acyl-terminated product ion 
that is equivalent in mass to the n=# open-chained oligoperoxide having lost methanol, 
[H(OOC(CH3)2)n-1OO(C=O)CH3].  Similarly, “En=#” indicates the ether-terminated 
product ion that is equivalent in mass to the n=# open-chained oligoperoxide having a 
hydroxyl group replaced with a methyl group, [H(OOC(CH3)2)n-1OOC(CH3)2OCH3].  Due 
to memory limitations in the CAChe software, the larger molecules (n=6 and larger) 
were unable to be optimized; therefore, their energies were not calculated.   
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Table 4.3:  Calculated energies and zero-point energies (ZPE) 
 
Optimized Structure Mass (au) Energy (kcal/mol) ZPE (kcal/mol)
a
 
Energy (ZPE corrected, kcal/mol) 
 ZPE scaled
b












n=1 108.094 -263457.354 71.280 -263386.074 -263382.510 
n=1+Na
+
 131.084 -365193.586 71.946 -365121.641 -365118.043 
n=1+NH4
+
 126.132 -299181.469 103.602 -299077.867 -299072.687 
n=2 182.173 -431810.622 127.202 -431683.420 -431677.060 
n=2+Na
+
 205.163 -533550.620 127.357 -533423.263 -533416.895 
n=2+NH4
+
 200.211 -467533.483 158.606 -467374.877 -467366.947 
n=3 256.252 -600156.988 183.557 -599973.431 -599964.253 
n=3+Na
+
 279.242 -701908.281 182.460 -701725.821 -701716.698 
n=3+NH4
+
 274.291 -635885.497 213.533 -635671.964 -635661.288 
n=4 330.331 -768495.903 237.687 -768258.216 -768246.331 
n=4+Na
+
 353.321 -870254.020 238.239 -870015.781 -870003.869 
n=4+NH4
+
 348.370 -804236.256 269.585 -803966.670 -803953.191 
n=5 404.411 -936833.405 292.229 -936541.177 -936526.565 
n=5+Na
+
 427.400 -1038604.151 293.109 -1038311.042 -1038296.386 
n=5+NH4
+





Optimized Structure Mass (au) Energy (kcal/mol) ZPE (kcal/mol) 
Energy (ZPE corrected, kcal/mol) 






Cn=1 (cyclic) 74.079 -168330.496 53.555 -168276.941 -168274.263 
Cn=1 (cyclic)+NH4
+
 92.118 -204043.606 84.957 -203958.649 -203954.401 
Cn=1 (ester) 74.079 -168403.230 54.612 -168348.618 -168345.887 
Cn=1 (ester)+NH4
+
 92.118 -204122.651 85.792 -204036.859 -204032.569 
Cn=2 148.158 -336688.967 109.913 -336579.055 -336573.559 
Cn=2+NH4
+
 166.197 -372404.298 141.289 -372263.009 -372255.945 
Cn=3 222.238 -505034.706 165.278 -504869.428 -504861.164 
Cn=3+NH4
+
 240.276 -540749.409 196.685 -540552.724 -540542.890 
Cn=4 296.317 -673367.723 220.202 -673147.521 -673136.511 
Cn=4+NH4
+
 314.355 -709095.519 251.935 -708843.584 -708830.987 
Cn=5 370.396 -841711.750 275.954 -841435.797 -841421.999 
Cn=5+NH4
+
 388.434 -877454.691 307.674 -877147.017 -877131.634 









Optimized Structure Mass (au) Energy (kcal/mol) ZPE (kcal/mol) 
Energy (ZPE corrected, kcal/mol) 












An=1 76.052 -190905.960 39.144 -190866.816 -190864.859 
An=1+Na
+
 99.042 -292635.290 39.803 -292595.487 -292593.497 
An=1+NH4
+
 94.090 -226624.428 70.495 -226553.934 -226550.409 
An=2 150.131 -359254.209 94.719 -359159.490 -359154.754 
An=2+Na
+
 173.121 -460993.579 95.319 -460898.261 -460893.495 
An=2+NH4
+
 168.169 -394978.952 126.161 -394852.791 -394846.483 
An=3 224.210 -527594.718 149.352 -527445.366 -527437.899 
An=3+Na
+
 247.200 -629344.309 149.833 -629194.476 -629186.985 
An=3+NH4
+
 242.249 -563327.100 181.301 -563145.799 -563136.734 
An=4 298.289 -695937.528 205.542 -695731.987 -695721.710 
An=4+Na
+
 321.279 -797700.744 205.003 -797495.741 -797485.491 
An=4+NH4
+
 316.328 -731680.470 236.730 -731443.740 -731431.903 
An=5 372.369 -864283.895 260.274 -864023.620 -864010.606 
An=5+Na
+
 395.358 -966057.150 261.112 -965796.038 -965782.983 
An=5+NH4
+







Optimized Structure Mass (au) Energy (kcal/mol) ZPE (kcal/mol) 
Energy (ZPE corrected, kcal/mol) 












En=1 106.121 -240951.098 87.013 -240864.085 -240859.734 
En=1+Na
+
 129.111 -342687.331 87.767 -342599.563 -342595.175 
En=1+NH4
+
 124.159 -276675.214 118.412 -276556.801 -276550.881 
En=2 180.200 -409294.954 142.049 -409152.905 -409145.803 
En=2+Na
+
 203.190 -511044.364 143.364 -510901.000 -510893.832 
En=2+NH4
+
 198.239 -445029.110 174.243 -444854.867 -444846.155 
En=3 254.280 -577638.182 197.648 -577440.535 -577430.652 
En=3+Na
+
 277.269 -679400.143 198.280 -679201.864 -679191.950 
En=3+NH4
+
 272.318 -613379.241 229.594 -613149.647 -613138.167 
En=4 328.359 -745983.921 252.914 -745731.008 -745718.362 
En=4+Na
+
 351.349 -847752.784 253.687 -847499.098 -847486.413 
En=4+NH4
+
 346.397 -781731.255 284.876 -781446.379 -781432.135 
En=5 402.438 -914324.640 308.443 -914016.196 -914000.774 
En=5+Na
+
 425.428 -1016102.915 308.843 -1015794.072 -1015778.630 
En=5+NH4
+







Optimized Structure Mass (au) Energy (kcal/mol) ZPE (kcal/mol) 
Energy (ZPE corrected, kcal/mol) 












+An=2 249.173 -651921.502 135.089 -651786.413 -651779.659 
An=1+NH4
+
+An=2 244.221 -585899.973 165.929 -585734.044 -585725.747 
An=2+Na
+
+An=2 323.252 -820270.866 190.060 -820080.806 -820071.303 
An=2+NH4
+
+An=2 318.300 -754246.358 221.119 -754025.239 -754014.183 
An=1+Na
+
+An=3 323.252 -820272.075 190.043 -820082.032 -820072.529 
An=1+NH4
+
+An=3 318.300 -754248.416 222.006 -754026.410 -754015.309 
An=2+Na
+
+An=3 397.331 -988624.274 245.495 -988378.779 -988366.504 
An=2+NH4
+
+An=3 392.380 -922598.352 276.128 -922322.224 -922308.417 
An=1+Na
+
+An=4 397.331 -988616.117 244.721 -988371.396 -988359.160 
An=1+NH4
+





C2H6 30.069 -50065.218 45.590 -50019.628 -50017.349 
MeOH 32.042 -72607.242 30.971 -72576.271 -72574.722 
MeOH+NH4
+
 50.080 -108323.200 62.835 -108260.365 -108257.224 
MeOH+Na
+
 55.032 -174330.924 32.230 -174298.694 -174297.082 







Optimized Structure Mass (au) Energy (kcal/mol) ZPE (kcal/mol) 
Energy (ZPE corrected, kcal/mol) 







 22.990 -101695.445 0.000 -101695.445 -101695.445 
NH4
+
 18.038 -35692.740 30.433 -35662.308 -35660.786 
An=2+Na
+
+En=3 427.400 -1038668.785 294.079 -1038360.002 -1038374.706 
An=4+Na
+
+En=1 427.400 -1038661.255 293.058 -1038353.544 -1038368.197 
aThe Na+ energy is not corrected for ZPE, because a ZPE cannot be calculated for a single atom.   
aThe ZPE were scaled by a factor of 1.05. 
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Table 4.4:  Adduct dissociation energies 
  Dissociation Energies (kcal/mol)
a
 
 Adduct Sodium Adducts, X = Na Ammonium Adducts, X=NH4 
 Dissociation (--) 





















 131 40.122 40.089 126 29.486 29.391 
n=2--X
+
 205 44.398 44.391 200 29.149 29.100 
n=3--X
+
 279 56.946 57.001 274 36.226 36.248 
n=4--X
+
 353 62.121 62.094 348 46.147 46.074 
n=5--X
+









Not calculated because not 
observed in mass spectra as a 
result of MS
2
 analyses of sodiated 
open-chained oligoperoxides 
92 19.400 19.352 
Cn=1(ester)--X
+
 92 25.933 25.896 
Cn=2--X
+
 166 21.647 21.600 
Cn=3--X
+
 240 20.988 20.940 
Cn=4--X
+
 314 33.755 33.690 
Cn=5--X
+














 99 33.226 33.193 94 24.809 24.764 
An=2--X
+
 173 43.326 43.296 168 30.993 30.943 
An=3--X
+
 247 53.665 53.641 242 38.125 38.049 
An=4--X
+
 321 68.310 68.337 316 49.445 49.408 
An=5--X
+














 129 40.034 39.996 124 30.409 30.361 
En=2--X
+
 203 52.650 52.585 198 39.655 39.567 
En=3--X
+
 277 65.884 65.853 272 46.804 46.729 
En=4--X
+
 351 72.645 72.607 346 53.064 52.987 
En=5--X
+







  Dissociation Energies (kcal/mol)
a
 
 Adduct Sodium Adducts, X = Na Ammonium Adducts, X=NH4 
 Dissociation (--) 



























































 55 26.979 26.916 50 21.787 21.716 
An=2--(X
+




+An=2) 427 35.911 35.855 
An=4--(X
+
+En=1) 427 36.646 36.659 
En=1--(X
+
+An=4) 427 8.371 8.319 
aDissociation energies were calculated as the difference between the calculated energy 
of the optimized adduct structure and the sum of the optimized individual components.  
All optimizations were performed using DFT at the B88LYP/DZVP level, and structures 
were confirmed stable by IR frequency calculations.  A scaling factor of 1.05 was used 




As expected, the adduct dissociation energies were greater for the sodium adducts than 
the ammonium adducts.  These results were particularly important in terms of the 
complex ions, which will further be discussed.  Figure 4.73 shows the relationship 
between the adduct dissociation energies and the size of the peroxide structures.   
 
 
Figure 4.73:  Trends observed as a result of the size of the oligoperoxides and their 
corresponding adduct dissociation energies (ZPE corrected and scaled) 
 
For the cyclic peroxides, the data point at one on the abscissa corresponded to the 
cyclic monomer structure while the point at one and a half corresponded to its ester 
structure.  The adduct dissociation energies showed reasonable linearity with the size of 
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the structure for all of the structures except the cyclic structures; however, a slight 
deviation was observed for the tetramer acyl-terminated product ion.  While all of the 
structures were optimized to a minimum structure, the deviation in the tetramer acyl-
terminated product ion from linearity indicated that the structure may be further 
optimized to a lower energy minimum.  The deviation from linearity with the cyclic 
structures was most likely due to ring strain and steric hindrance between the cyclic 
structure and the ammonium adduct.  While not plotted, the dissociation energies also 
increased as the acyl-terminated product ion size increased for the complex structures. 
 
 
4.2.3 Relative Energies and Proposed Collision Induced Dissociation Mechanisms 
 
The possible product ions that would result from each of the precursor ions (n=3-8) 
having dissociated by mechanisms A, B, and C were proposed (see Figure 3.13, in 
section 3.2.2 for an example).  Energies of the proposed product ions and their 
corresponding neutral fragments were summed to allow for calculation of the relative 
energies of the possible product ions.  These energies were normalized relative to the 
precursor ion energy.  Due to the memory limitations of the software, not all of the 
structures were able to be optimized; therefore, the calculated energies were 
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normalized relative to the highest calculated energy.  The precursor ions and possible 
product ions predicted based on the different dissociation mechanisms, their relative 
energies, and the corresponding adduct dissociation energies are summarized in Table 
4.5 and Table 4.6 which correspond to the ammonium and sodium adducts, 
respectively.  Whether or not the proposed product structures were observed in the 
tandem mass spectra was also indicated in the tables.  A “Y” indicated that the product 
ion was observed with a normalized intensity of at least one percent; “X” indicated that 
the product ion was not observed; “noise” indicated that the ion was observed in the 
noise; “?” indicated that the ion may possibly have been observed in the noise however 
the that portion of the mass spectrum was very noisy and the presence of the ion could 
not be determined; and “BLMCO” indicated that the proposed mass-to-charge value 
was below the low mass cut-off and could not be detected.  The most significant 
indication was obviously the “Y”, that the product ion was readily observed in the mass 
spectrum.   
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Table 4.5:  Product ions and neutral fragments expected for the ammonium adduct open-chained oligoperoxides (n=3-8) 














































- - 274 - n=3+NH4
+
 - - 0.0 0.0 n=3--NH4
+
 36.2 36.2 
A 1 240 Y Cn=3+NH4
+
 H2O2 - 25.2 25.2 Cn=3--NH4
+
 21.0 20.9 
A 2 200 noise n=2+NH4
+
 Cn=1 (cyclic) - 20.1 20.1 n=2--NH4
+
 29.1 29.1 
A 2 200 noise n=2+NH4
+
 Cn=1 (ester) - -51.5 -51.5 n=2--NH4
+
 29.1 29.1 
A 2 92 BLMCO Cn=1 (cyclic)+NH4
+
 n=2 - 29.9 29.8 Cn=1 (cyclic)--NH4
+
 19.4 19.4 
A 2 92 BLMCO Cn=1 (ester)+NH4
+
 n=2 - -48.3 -48.3 Cn=1 (ester)--NH4
+
 25.9 25.9 
A 3 166 Y Cn=2+NH4
+
 n=1 - 22.9 22.8 Cn=2--NH4
+
 21.6 21.6 
A 3 126 Y n=1+NH4
+
 Cn=2 - 15.0 15.0 n=1--NH4
+
 29.5 29.4 
B 1 244 X An=2+NH4
+
+An=1 C2H6 - -81.7 -81.8 
An=2—(NH4
+
+An=1) 20.6 20.6 
(An=2+NH4
+
)--An=1 14.4 14.4 
B 1 168 noise An=2+NH4
+
 An=1 C2H6 -67.3 -67.4 An=2--NH4
+

















































B 1 94 X An=1+NH4
+
 An=2 C2H6 -61.1 -61.2 An=1--NH4
+
 24.8 24.8 
C 1 242 X An=3+NH4
+
 MeOH - -50.1 -50.2 An=3--NH4
+
 38.1 38.0 
C 1 50 BLMCO MeOH+NH4
+
 An=3 - -33.8 -33.8 MeOH--NH4
+
 21.8 21.7 
C 2 198 X En=2+NH4
+
 An=1 - -49.7 -49.7 En=2--NH4
+
 39.7 39.6 
C 2 94 X An=1+NH4
+
 En=2 - -34.9 -34.9 An=1--NH4
+
 24.8 24.8 
C 3 168 noise An=2+NH4
+
 En=1 - -44.9 -44.9 An=2--NH4
+
 31.0 30.9 
C 3 124 X En=1+NH4
+
 An=2 - -44.3 -44.3 En=1--NH4
+





-  348 - n=4+NH4
+
 - - 0.0 0.0 n=4--NH4
+
 46.1 46.1 
A 1 314 Y Cn=4+NH4
+
 H2O2 - 29.1 29.0 Cn=4--NH4
+
 33.8 33.7 
A 2 274 noise n=3+NH4
+
 Cn=1 (cyclic) - 17.8 17.6 n=3--NH4
+
 36.2 36.2 
A 2 274 noise n=3+NH4
+
 Cn=1 (ester) - -53.9 -54.0 n=3--NH4
+
 36.2 36.2 
A 2 92 BLMCO Cn=1 (cyclic)+NH4
+
 n=3 - 34.6 34.5 Cn=1 (cyclic)--NH4
+
 19.4 19.4 
A 2 92 BLMCO Cn=1 (ester)+NH4
+
 n=3 - -43.6 -43.6 Cn=1 (ester)--NH4
+

















































A 3 240 Y Cn=3+NH4
+
 n=1 - 27.9 27.8 Cn=3--NH4
+
 21.0 20.9 
A 3 126 Y n=1+NH4
+
 Cn=3 - 19.4 19.3 n=1--NH4
+
 29.5 29.4 
A 4 200 Y n=2+NH4
+
 Cn=2 - 12.7 12.7 n=2--NH4
+
 29.1 29.1 
A 4 166 Y Cn=2+NH4
+
 n=2 - 20.2 20.2 Cn=2--NH4
+
 21.6 21.6 
B 1 318 X An=3+NH4
+
+An=1 C2H6 - -79.4 -79.5 
An=3—(NH4
+
+An=1) 27.1 27.0 
(An=3+NH4
+
)--An=1 13.8 13.7 
B 1 242 Y An=3+NH4
+
 An=1 C2H6 -65.6 -65.8 An=3--NH4
+
 38.1 38.0 
B 1 94 BLMCO An=1+NH4
+
 An=3 C2H6 -52.3 -52.5 An=1--NH4
+
 24.8 24.8 
B 2 318 X An=2+NH4
+
+An=2 C2H6 - -78.2 -78.3 An=2—(NH4
+
+An=2) 13.0 12.9 
B 2 168 noise An=2+NH4
+
 An=2 C2H6 -65.2 -65.4 An=2--NH4
+
 31.0 30.9 
C 1 316 X An=4+NH4
+
 MeOH - -53.3 -53.4 An=4--NH4
+
 49.4 49.4 
C 1 50 BLMCO MeOH+NH4
+
 An=4 - -25.7 -25.7 MeOH--NH4
+
 21.8 21.7 
C 2 272 X En=3+NH4
+
 An=1 - -49.8 -49.8 En=3--NH4
+


















































C 2 94 BLMCO An=1+NH4
+
 En=3 - -27.8 -27.9 An=1--NH4
+
 24.8 24.8 
C 3 242 Y An=3+NH4
+
 En=1 - -43.2 -43.3 An=3--NH4
+
 38.1 38.0 
C 3 124 X En=1+NH4
+
 An=3 - -35.5 -35.6 En=1--NH4
+
 30.4 30.4 
C 4 198 X En=2+NH4
+
 An=2 - -47.7 -47.7 En=2--NH4
+
 39.7 39.6 
C 4 168 noise An=2+NH4
+
 En=2 - -39.0 -39.1 An=2--NH4
+





- - 422 - n=5+NH4
+
 - - 0.0 0.0 n=5--NH4
+
 60.1 60.0 
A 1 388 Y Cn=5+NH4
+
 H2O2 - 22.5 22.5 Cn=5--NH4
+
 48.9 49.9 
A 2 348 noise n=4+NH4
+
 Cn=1 (cyclic) - 19.9 19.9 n=4--NH4
+
 46.1 46.1 
A 2 348 noise n=4+NH4
+
 Cn=1 (ester) - -51.7 -51.8 n=4--NH4
+
 46.1 46.1 
A 2 92 BLMCO Cn=1 (cyclic)+NH4
+
 n=4 - 46.7 46.6 Cn=1 (cyclic)--NH4
+
 19.4 19.4 
A 2 92 BLMCO Cn=1 (ester)+NH4
+
 n=4 - -31.5 -31.6 Cn=1 (ester)--NH4
+
 25.9 25.9 
A 3 314 Y Cn=4+NH4
+
 n=1 - 33.9 33.8 Cn=4--NH4
+
 33.8 33.7 
A 3 126 noise n=1+NH4
+
 Cn=4 - 38.2 38.1 n=1--NH4
+


















































A 4 274 Y n=3+NH4
+
 Cn=2 - 12.5 12.5 n=3--NH4
+
 36.2 36.2 
A 4 166 Y Cn=2+NH4
+
 n=3 - 27.1 27.1 Cn=2--NH4
+
 21.6 21.6 
A 5 240 Y Cn=3+NH4
+
 n=2 - 27.4 27.4 Cn=3--NH4
+
 21.0 20.9 
A 5 200 Y n=2+NH4
+
 Cn=3 - 19.2 19.2 n=2--NH4
+
 29.1 29.1 
B 1 392 X An=4+NH4
+
+An=1 C2H6 - -78.7 -78.8 
An=4—(NH4
+
+An=1) 36.7 36.7 
(An=4+NH4
+
)--An=1 12.1 12.0 
B 1 316 Y An=4+NH4
+
 An=1 C2H6 -66.6 -66.8 An=4--NH4
+
 49.4 49.4 
B 1 94 BLMCO An=1+NH4
+
 An=4 C2H6 -42.0 -42.2 An=1--NH4
+
 24.8 24.8 
B 2 392 X An=3+NH4
+
+An=2 C2H6 - -78.3 -78.5 
An=3—(NH4
+
+An=2) 24.1 24.0 
(An=3+NH4
+
)--An=2 16.9 16.9 
B 2 242 Y An=3+NH4
+
 An=2 C2H6 -61.4 -61.5 An=3--NH4
+
 38.1 38.0 
B 2 168 noise An=2+NH4
+
 An=3 C2H6 -54.2 -54.4 An=2--NH4
+
 31.0 30.9 
C 3 390 ? An=5+NH4
+
 MeOH - -42.7 -42.8 An=5--NH4
+


















































C 3 50 BLMCO MeOH+NH4
+
 An=5 - -20.4 -20.5 MeOH--NH4
+
 21.8 21.7 
C 4 346 ? En=4+NH4
+
 An=1 - -49.7 -49.7 En=4--NH4
+
 53.1 53.0 
C 4 94 BLMCO An=1+NH4
+
 En - -21.4 -21.5 An=1--NH4
+
 24.8 24.8 
C 5 316 Y An=4+NH4
+
 En=1 - -44.3 -44.3 An=4--NH4
+
 49.4 49.4 
C 5 124 X En=1+NH4
+
 An=4 - -25.2 -25.3 En=1--NH4
+
 30.4 30.4 
C 6 272 ? En=3+NH4
+
 An=2 - -45.6 -45.6 En=3--NH4
+
 46.8 46.7 
C 6 168 noise An=2+NH4
+
 En=3 - -29.8 -29.8 An=2--NH4
+
 31.0 30.9 
C 7 242 Y An=3+NH4
+
 En=2 - -35.2 -35.2 An=3--NH4
+
 38.1 38.0 
C 7 198 X En=2+NH4
+
 An=3 - -36.7 -36.7 En=2--NH4
+





- - 496 - n=6+NH4
+
 - - - - n=6--NH4
+
 - - 
A 1 462 noise Cn=6+NH4
+
 H2O2 - - - Cn=6--NH4
+
 - - 
A 2 422 noise n=5+NH4
+
 Cn=1 (cyclic) - -40.7 -40.6 n=5--NH4
+
 60.1 60.0 
A 2 422 noise n=5+NH4
+
 Cn=1 (ester) - -112.3 -112.2 n=5--NH4
+


















































A 2 92 BLMCO Cn=1 (cyclic)+NH4
+
 n=5 - 0.0 0.0 Cn=1 (cyclic)--NH4
+
 19.4 19.4 
A 2 92 BLMCO Cn=1 (ester)+NH4
+
 n=5 - -78.2 -78.2 Cn=1 (ester)--NH4
+
 25.9 25.9 
A 3 388 Y Cn=5+NH4
+
 n=1 - -33.3 -33.2 Cn=5--NH4
+
 48.9 49.9 
A 3 126 BLMCO n=1+NH4
+
 Cn=5 - -13.8 -13.7 n=1--NH4
+
 29.5 29.4 
A 4 348 noise n=4+NH4
+
 Cn=2 - -45.9 -45.8 n=4--NH4
+
 46.1 46.1 
A 4 166 Y Cn=2+NH4
+
 n=4 - -21.4 -21.3 Cn=2--NH4
+
 21.6 21.6 
A 5 314 Y Cn=4+NH4
+
 n=2 - -27.2 -27.1 Cn=4--NH4
+
 33.8 33.7 
A 5 200 x n=2+NH4
+
 Cn=4 - -22.6 -22.5 n=2--NH4
+
 29.1 29.1 
A 6 274 Y n=3+NH4
+
 Cn=3 - -41.6 -41.5 n=3--NH4
+
 36.2 36.2 
A 6 240 Y Cn=3+NH4
+
 n=3 - -26.3 -26.2 Cn=3--NH4
+
 21.0 20.9 
B 1 466 X An=5+NH4
+
+An=1 C2H6 - - - 
An=5—(NH4
+
+An=1) - - 
(An=5+NH4
+
)--An=1 - - 
B 1 390 Y An=5+NH4
+
 An=1 C2H6 -116.6 -116.6 An=5--NH4
+


















































B 1 94 BLMCO An=1+NH4
+
 An=5 C2H6 -97.4 -97.4 An=1--NH4
+
 24.8 24.8 
B 2 466 X An=4+NH4
+
+An=2 C2H6 - - - 
An=4—(NH4
+
+An=2) - - 
(An=4+NH4
+
)--An=2 - - 
B 2 316 Y An=4+NH4
+
 An=2 C2H6 -123.0 -123.0 An=4--NH4
+
 49.4 49.4 
B 2 168 noise An=2+NH4
+
 An=4 C2H6 -104.6 -104.6 An=2--NH4
+
 31.0 30.9 
B 3 466 X An=3+NH4
+
+An=3 C2H6 - - - 
An=3—(NH4
+
+An=3) - - 
(An=3+NH4
+
)--An=3 - - 
B 3 242 Y An=3+NH4
+
 An=3 C2H6 -111.0 -111.0 An=3--NH4
+
 38.1 38.0 
C 1 464 X An=6+NH4
+
 MeOH - - - An=6--NH4
+
 - - 
C 1 50 BLMCO MeOH+NH4
+
 An=6 - - - MeOH--NH4
+
 21.8 21.7 
C 2 420 X En=5+NH4
+
 An=1 - -106.6 -106.4 En=5--NH4
+
 61.1 61.0 
C 2 94 BLMCO An=1+NH4
+
 En=5 - -70.3 -70.2 An=1--NH4
+
 24.8 24.8 
C 3 390 Y An=5+NH4
+
 En=1 - -94.3 -94.2 An=5--NH4
+


















































C 3 124 BLMCO En=1+NH4
+
 An=5 - -80.6 -80.5 En=1--NH4
+
 30.4 30.4 
C 4 346 X En=4+NH4
+
 An=2 - -106.0 -105.9 En=4--NH4
+
 53.1 53.0 
C 4 168 noise An=2+NH4
+
 En=4 - -84.0 -83.9 An=2--NH4
+
 31.0 30.9 
C 5 316 Y An=4+NH4
+
 En=2 - -96.8 -96.7 An=4--NH4
+
 49.4 49.4 
C 5 198 X En=2+NH4
+
 An=4 - -87.0 -86.9 En=2--NH4
+
 39.7 39.6 
C 6 272 X En=3+NH4
+
 An=3 - -95.2 -95.1 En=3--NH4
+
 46.8 46.7 
C 6 242 Y An=3+NH4
+
 En=3 - -86.5 -86.4 An=3--NH4
+





- - 570 - n=7+NH4
+
 - -     n=7--NH4
+
 - - 
A 1 536 noise Cn=7+NH4
+
 H2O2 -     Cn=7--NH4
+
 - - 
A 2 496 noise n=6+NH4
+
 Cn=1 (cyclic) -    n=6--NH4
+
 - - 
A 2 496 noise n=6+NH4
+
 Cn=1 (ester) -    n=6--NH4
+
 - - 
A 2 92 BLMCO Cn=1 (cyclic)+NH4
+
 n=6 -    Cn=1 (cyclic)--NH4
+
 19.4 19.4 
A 2 92 BLMCO Cn=1 (ester)+NH4
+
 n=6 -    Cn=1 (ester)--NH4
+


















































A 3 462 X Cn=6+NH4
+
 n=1 -    Cn=6--NH4
+
 - - 
A 3 126 BLMCO n=1+NH4
+
 Cn=6 - 0.0 0.0 n=1--NH4
+
 29.5 29.4 
A 4 422 X n=5+NH4
+
 Cn=2 - -40.7 -40.7 n=5--NH4
+
 60.1 60.0 
A 4 166 X Cn=2+NH4
+
 n=5 - -2.3 -2.3 Cn=2--NH4
+
 21.6 21.6 
A 5 388 X Cn=5+NH4
+
 n=2 - -28.6 -28.6 Cn=5--NH4
+
 48.9 49.9 
A 5 200 X n=2+NH4
+
 Cn=5 - -8.8 -8.8 n=2--NH4
+
 29.1 29.1 
A 6 348 noise n=4+NH4
+
 Cn=3 - -34.2 -34.2 n=4--NH4
+
 46.1 46.1 
A 6 240 Y Cn=3+NH4
+
 n=4 - -9.1 -9.1 Cn=3--NH4
+
 21.0 20.9 
A 7 314 noise Cn=4+NH4
+
 n=3 - -15.2 -15.2 Cn=4--NH4
+
 33.8 33.7 
A 7 274 X n=3+NH4
+
 Cn=4 - -17.6 -17.6 n=3--NH4
+
 36.2 36.2 
B 1 540 X An=6+NH4
+
+An=1 C2H6 - - - 
An=6—(NH4
+
+An=1) - - 
(An=6+NH4
+
)--An=1 - - 
B 1 464 Y An=6+NH4
+
 An=1 C2H6 - - An=6--NH4
+


















































B 1 94 BLMCO An=1+NH4
+
 An=6 C2H6 - - An=1--NH4
+
 24.8 24.8 
B 2 540 X An=5+NH4
+
+An=2 C2H6 - - - 
An=5—(NH4
+
+An=2) - - 
(An=5+NH4
+
)--An=2 - - 
B 2 390 Y An=5+NH4
+
 An=2 C2H6 -107.3 -107.3 An=5--NH4
+
 44.1 44.0 
B 2 168 noise An=2+NH4
+
 An=5 C2H6 -94.2 -94.2 An=2--NH4
+
 31.0 30.9 
B 3 540 X An=4+NH4
+
+An=3 C2H6 - - - 
An=4—(NH4
+
+An=3) - - 
(An=4+NH4
+
)--An=3 - - 
B 3 316 Y An=4+NH4
+
 An=3 C2H6 -106.9 -106.9 An=4--NH4
+
 49.4 49.4 
B 3 242 Y An=3+NH4
+
 An=4 C2H6 -95.6 -95.6 An=3--NH4
+
 38.1 38.0 
C 1 538 X An=7+NH4
+
 MeOH - - - An=7--NH4
+
 - - 
C 1 50 BLMCO MeOH+NH4
+
 An=7 - - - MeOH--NH4
+
 21.8 21.7 
C 2 494 X En=6+NH4
+
 An=1 - - - En=6--NH4
+
 - - 
C 2 94 BLMCO An=1+NH4
+
 En=6 - - - An=1--NH4
+


















































C 3 464 Y An=6+NH4
+
 n=1-OH+CH3 - - - An=6--NH4
+
 - - 
C 3 124 BLMCO En=1 +NH4
+
 An=6 - - - En=1--NH4
+
 30.4 30.4 
C 4 420 X En=5 +NH4
+
 An=2 - -97.2 -97.2 En=5--NH4
+
 61.1 61.0 
C 4 168 noise An=2+NH4
+
 En=5 - -67.1 -67.1 An=2--NH4
+
 31.0 30.9 
C 5 390 Y An=5+NH4
+
 En=2 - -81.1 -81.1 An=5--NH4
+
 44.1 44.0 
C 5 198 X En=2 +NH4
+
 An=5 - -76.6 -76.6 En=2--NH4
+
 39.7 39.6 
C 6 346 X En=4 +NH4
+
 An=3 - -89.9 -89.9 En=4--NH4
+
 53.1 53.0 
C 6 242 Y An=3+NH4
+
 En=4 - -74.9 -74.9 An=3--NH4
+
 38.1 38.0 
C 7 316 Y An=4+NH4
+
 En=3 - -82.4 -82.4 An=4--NH4
+
 49.4 49.4 
C 7 272 X En=3 +NH4
+
 An=4 - -79.8 -79.8 En=3--NH4
+





- - 644 - n=8+NH4
+
 - - - - n=8--NH4
+
 - - 
A 1 610 N Cn=8+NH4
+
 H2O2 - - - Cn=8--NH4
+
 - - 
A 2 570 noise n=7+NH4
+
 Cn=1 (cyclic) - - - n=7--NH4
+


















































A 2 570 noise n=7+NH4
+
 Cn=1 (ester) - - - n=7--NH4
+
 - - 
A 2 92 BLMCO Cn=1 (cyclic)+NH4
+
 n=7 - - - Cn=1 (cyclic)--NH4
+
 19.4 19.4 
A 2 92 BLMCO Cn=1 (ester)+NH4
+
 n=7 - - - Cn=1 (ester)--NH4
+
 25.9 25.9 
A 3 536 X Cn=7+NH4
+
 n=1 - - - Cn=7--NH4
+
 - - 
A 3 126 BLMCO n=1+NH4
+
 Cn=7 - - - n=1--NH4
+
 29.5 29.4 
A 4 496 X n=6+NH4
+
 Cn=2 - - - n=6--NH4
+
 - - 
A 4 166 BLMCO Cn=2+NH4
+
 n=6 - - - Cn=2--NH4
+
 21.6 21.6 
A 5 462 X Cn=6+NH4
+
 n=2 - - - Cn=6--NH4
+
 - - 
A 5 200 X n=2+NH4
+
 Cn=6 - -5.0 -4.9 n=2--NH4
+
 29.1 29.1 
A 6 422 X n=5+NH4
+
 Cn=3 - -39.1 -39.0 n=5--NH4
+
 60.1 60.0 
A 6 240 noise Cn=3+NH4
+
 n=5 - 0.0 0.0 Cn=3--NH4
+
 21.0 20.9 
A 7 388 X Cn=5+NH4
+
 n=3 - -26.5 -26.4 Cn=5--NH4
+
 48.9 49.9 
A 7 274 X n=3+NH4
+
 Cn=5 - -13.9 -13.8 n=3--NH4
+


















































A 8 348 X n=4+NH4
+
 Cn=4 - -20.3 -20.2 n=4--NH4
+
 46.1 46.1 
A 8 314 X Cn=4+NH4
+
 n=4 - -7.9 -7.9 Cn=4--NH4
+
 33.8 33.7 
B 1 614 X An=7+NH4
+
+An=1 C2H6 - - - 
An=7—(NH4
+
+An=1) - - 
(An=7+NH4
+
)--An=1 - - 
B 1 538 Y An=7+NH4
+
 An=1 C2H6 - - An=7--NH4
+
 - - 
B 1 94 BLMCO An=1+NH4
+
 An=7 C2H6 - - An=1--NH4
+
 24.8 24.8 
B 2 614 X An=6+NH4
+
+An=2 C2H6 - - - 
An=6—(NH4
+
+An=2) - - 
(An=6+NH4
+
)--An=2 - - 
B 2 464 Y An=6+NH4
+
 An=2 C2H6 - - An=6--NH4
+
 - - 
B 2 168 BLMCO An=2+NH4
+
 An=6 C2H6 - - An=2--NH4
+
 31.0 30.9 
B 3 614 X An=5+NH4
+
+An=3 C2H6 - - - 
An=5—(NH4
+
+An=3) - - 
(An=5+NH4
+
)--An=3 - - 
B 3 390 Y An=5+NH4
+
 An=3 C2H6 -101.1 -101.2 An=5--NH4
+


















































B 3 242 Y An=3+NH4
+
 An=5 C2H6 -95.1 -95.2 An=3--NH4
+
 38.1 38.0 
B 4 614 X An=4+NH4
+
+An=4 C2H6 - - - 
An=4—(NH4
+
+An=4) - - 
(An=4+NH4
+
)--An=4 - - 
B 4 316 Y An=4+NH4
+
 An=4 C2H6 -101.5 -101.5 An=4--NH4
+
 49.4 49.4 
C 1 612 X An=8+NH4
+
 MeOH - - - An=8--NH4
+
 - - 
C 1 50 BLMCO MeOH+NH4
+
 An=8 - - - MeOH--NH4
+
 21.8 21.7 
C 2 568 X En=7+NH4
+
 An=1 - - - En=7--NH4
+
 - - 
C 2 94 BLMCO An=1+NH4
+
 n=7-OH+CH3 - - - An=1--NH4
+
 24.8 24.8 
C 3 538 Y An=7+NH4
+
 n=1-OH+CH3 - - - An=7--NH4
+
 - - 
C 3 124 BLMCO En=1+NH4
+
 An=7 - - - En=1--NH4
+
 30.4 30.4 
C 4 494 Y En=6+NH4
+
 An=2 - - - En=6--NH4
+
 - - 
C 4 168 X An=2+NH4
+
 n=6-OH+CH3 - - - An=2--NH4
+
 31.0 30.9 
C 5 464 X An=6+NH4
+
 n=2-OH+CH3 - - - An=6--NH4
+


















































C 5 198 Y En=2 +NH4
+
 An=6 - - - En=2--NH4
+
 39.7 39.6 
C 6 420 X En=5 +NH4
+
 An=3 - -91.0 -91.0 En=5--NH4
+
 61.1 61.0 
C 6 242 Y An=3+NH4
+
 En=5 - -68.1 -68.1 An=3--NH4
+
 38.1 38.0 
C 7 390 Y An=5+NH4
+
 En=3 - -76.6 -76.6 An=5--NH4
+
 44.1 44.0 
C 7 272 X En=3 +NH4
+
 An=5 - -79.4 -79.3 En=3--NH4
+
 46.8 46.7 
C 8 346 X En=4 +NH4
+
 An=4 - -84.5 -84.4 En=4--NH4
+
 53.1 53.0 
C 8 316 Y An=4+NH4
+
 En=4 - -80.8 -80.8 An=4--NH4
+
 49.4 49.4 
aThe three different dissociation mechanisms and are discussed in section 3.2.2.  bThe unique fragmentations 
corresponding to each mechanism are numbered.  cIs the corresponding ion present in the mass spectrum?  Y = yes, it is 
observed with a normalized intensity of at least 1%., X = not observed in the mass spectrum, noise = observed in the 
noise, BLMCO = means the product ion falls below the low mass cut-off and therefore could not be detected, and ? = 
indicates that there is excessive noise in the area so the product ion may or may not be in the noise.  dNot all of the 
structures and energies were able to be optimized due to memory limitations in the CAChe software.  These structures 
are indicated by (-).  eThe calculated energies are relative to the precursor ion; however, when not all of the energies were 





Table 4.6:  Product ions and neutral fragments expected for the sodium adduct open-chained oligoperoxides (n=3-8) as a 














































- - 279 - n=3+Na
+
 - - 0.0 0.0 n=3+Na
+
 56.9 57.0 
B 1 249 Y An=2+Na
+
+An=1 C2H6 - -80.2 -80.3 
An=2—(Na
+
+An=1) 31.4 31.4 
(An=2+Na
+
)--An=1 21.3 21.3 
B 1 173 Y An=2+Na
+
 An=1 C2H6 -58.9 -59.0 An=2--Na
+
 43.3 43.3 
B 1 99 noise An=1+Na
+
 An=2 C2H6 -48.8 -48.9 An=1--Na
+
 33.2 33.2 
C 1 247 ? An=3+Na
+
 MeOH - -44.9 -45.0 An=3--Na
+
 53.7 53.6 
C 1 55 BLMCO MeOH+Na
+
 An=3 - -18.2 -18.3 MeOH--Na
+
 27.0 26.9 
C 2 203 ? En=2 +Na
+
 An=1 - -42.0 -42.0 En=2--Na
+
 52.7 52.6 
C 2 99 noise An=1+Na
+
 En=2 - -22.6 -22.6 An=1--Na
+
 33.2 33.2 
C 3 173 Y An=2+Na
+
 En=1 - -36.5 -36.5 An=2--Na
+
 43.3 43.3 
C 3 129 X En=1 +Na
+
 An=2 - -33.2 -33.2 En=1--Na
+

















































- - 353 - n=4+Na
+
 - - 0.0 0.0 n=4--Na
+
 62.1 62.1 
B 1 323 Y An=3+Na
+
+An=1 C2H6 - -85.9 -86.0 
An=3—(Na
+
+An=1) 41.2 41.1 
(An=3+Na
+
)--An=1 20.7 20.7 
B 1 247 Y An=3+Na
+
 An=1 C2H6 -65.1 -65.3 An=3--Na
+
 53.7 53.6 
B 1 99 noise An=1+Na
+
 An=3 C2H6 -44.7 -44.9 An=1--Na
+
 33.2 33.2 
B 2 323 Y An=2+Na
+
+An=2 C2H6 - -84.7 -84.8 An=2—(Na
+
+An=2) 23.1 23.1 
B 2 173 Y An=2+Na
+
 An=2 C2H6 -61.6 -61.7 An=2--Na
+
 43.3 43.3 
C 1 321 X An=4+Na
+
 MeOH - -56.2 -56.3 An=4--Na
+
 68.3 68.3 
C 1 55 BLMCO MeOH+Na
+
 An=4 - -14.9 -14.9 MeOH--Na
+
 27.0 26.9 
C 2 277 X En=3+Na
+
 An=1 - -52.9 -52.9 En=3--Na
+
 65.9 65.9 
C 2 99 noise An=1+Na
+
 En=3 - -20.2 -20.3 An=1--Na
+
 33.2 33.2 
C 3 247 Y An=3+Na
+
 En=1 - -42.8 -42.8 An=3--Na
+
 53.7 53.6 
C 3 129 X En=1+Na
+
 An=3 - -29.1 -29.2 En=1--Na
+

















































 C 4 203 X En=2+Na
+
 An=2 - -44.7 -44.7 n=2--Na
+
 52.7 52.6 
C 4 173 Y An=2+Na
+
 En=2- - -35.4 -35.4 An=2--Na
+





- - 427 - n=5+Na
+
 - - 0.0 0.0 n=5--Na
+
 74.4 74.4 
B 1 397 noise An=4+Na
+
+An=1 C2H6 - -80.0 -80.1 
An=4—(Na
+
+An=1) 43.9 44.0 
(An=4+Na
+
)--An=1 8.8 8.8 
B 1 321 Y An=4+Na
+
 An=1 C2H6 -71.1 -71.3 An=4--Na
+
 68.3 68.3 
B 1 99 BLMCO An=1+Na
+
 An=4 C2H6 -36.1 -36.2 An=1--Na
+
 33.2 33.2 
B 2 397 noise An=3+Na
+
+An=2 C2H6 - -87.4 -87.5 
An=3—(Na
+
+An=2) 35.2 35.1 
(An=3+Na
+
)--An=2 24.8 24.8 
B 2 247 Y An=3+Na
+
 An=2 C2H6 -62.6 -62.7 An=3--Na
+
 53.7 53.6 
B 2 173 Y An=2+Na
+
 An=3 C2H6 -52.2 -52.4 An=2--Na
+
 43.3 43.3 
C 1 395 X An=5+Na
+
 MeOH - -61.3 -61.3 An=5--Na
+
 77.0 76.9 
C 1 55 BLMCO MeOH+Na
+
 An=5 - -11.3 -11.3 MeOH--Na
+


















































C 2 351 X En=4 +Na
+
 An=1 - -54.9 -54.9 En=4--Na
+
 72.6 72.6 
C 2 99 BLMCO An=1+Na
+
 En=4 - -15.5 -15.5 An=1--Na
+
 33.2 33.2 
C 3 321 Y An=4+Na
+
 En=1 - -48.8 -48.8 An=4--Na
+
 68.3 68.3 
C 3 129 X En=1 +Na
+
 An=4 - -20.5 -20.5 En=1--Na
+
 40.0 40.0 
C 4 277 X En=3 +Na
+
 An=2 - -50.3 -50.3 En=3--Na
+
 65.9 65.9 
C 4 173 Y An=2+Na
+
 En=3 - -27.8 -27.8 An=2--Na
+
 43.3 43.3 
C 5 247 Y An=3+Na
+
 En=2 - -36.3 -36.4 An=3--Na
+
 53.7 53.6 
C 5 203 X En=2 +Na
+
 An=3 - -35.3 -35.3 En=2--Na
+





- - 501 - n=6+Na
+
 - - - - n=6--Na
+
 - - 






+An=1 C2H6 - - - 
An=5—(Na
+
+An=1) - - 
(An=5+Na
+
)--An=1 - - 
B 1 395 Y An=5+Na
+
 An=1 C2H6 -70.8 -70.9 An=5--Na
+
 77.0 76.9 
B 1 99 BLMCO An=1+Na
+
 An=5 C2H6 -27.1 -27.2 An=1--Na
+
























































+An=2 C2H6 - - - 
An=4—(Na
+
+An=2) - - 
(An=4+Na
+
)--An=2 - - 
B 2 321 Y An=4+Na
+
 An=2 C2H6 -63.2 -63.3 An=4--Na
+
 68.3 68.3 
B 2 173 Y An=2+Na
+
 An=4 C2H6 -38.2 -38.3 An=2--Na
+
 43.3 43.3 










B 3 247 Y An=3+Na
+
 An=3 C2H6 -47.8 -48.0 An=3--Na
+
 53.7 53.6 
C 1 469 X An=6+Na
+
 MeOH - - - An=6--Na
+
 - - 
C 1 55 BLMCO MeOH+Na
+
 An=6 - 0.0 0.0 MeOH--Na
+
 27.0 26.9 
C 2 425 X En=5 +Na
+
 An=1 - -49.2 -49.2 En=5--Na
+
 82.4 83.4 
C 2 99 BLMCO An=1+Na
+
 En=5 - 0.0 0.0 An=1--Na
+
 33.2 33.2 
C 3 395 Y An=5+Na
+
 En=1 - -48.4 -48.4 An=5--Na
+
 77.0 76.9 
C 3 129 BLMCO En=1 +Na
+
 An=5 - -11.5 -11.5 En=1--Na
+


















































C 4 351 X En=4 +Na
+
 An=2 - -46.9 -46.9 En=4--Na
+
 72.6 72.6 
C 4 173 Y An=2+Na
+
 En=4 - -17.6 -17.6 An=2--Na
+
 43.3 43.3 
C 5 321 Y An=4+Na
+
 En=2   -37.0 -37.0 An=4--Na
+
 68.3 68.3 
C 5 203 X En=2 +Na
+
 An=4   -21.3 -21.3 En=2--Na
+
 52.7 52.6 
C 6 277 X En=3 +Na
+
 An=3   -35.5 -35.6 En=3--Na
+
 65.9 65.9 
C 6 247 Y An=3+Na
+
 En=3   -23.3 -23.4 An=3--Na
+





- - 575 - n=7+Na
+
 - - - - n=7--Na
+
 - - 
B 1 545 noise An=6+Na
+
+An=1 C2H6 - - - 
An=6—(Na
+
+An=1) - - 
(An=6+Na
+
)--An=1 - - 
B 1 469 Y An=6+Na
+
 An=1 C2H6 - - An=6--Na
+
 - - 
B 1 99 BLMCO An=1+Na
+
 An=6 C2H6 - - An=1--Na
+
 33.2 33.2 
B 2 545 noise An=5+Na
+
+An=2 C2H6 - - - 
An=5—(Na
+
+An=2) - - 
(An=5+Na
+

















































B 2 395 Y An=5+Na
+
 An=2 C2H6 -60.7 -60.8 An=5--Na
+
 77.0 76.9 
B 2 173 noise An=2+Na
+
 An=5 C2H6 -27.1 -27.2 An=2--Na
+
 43.3 43.3 
B 3 545 noise An=4+Na
+
+An=3 C2H6 - - - 
An=4—(Na
+
+An=3) - - 
(An=4+Na
+
)--An=3 - - 
B 3 321 Y An=4+Na
+
 An=3 C2H6 -46.3 -46.5 An=4--Na
+
 68.3 68.3 
B 3 247 Y An=3+Na
+
 An=4 C2H6 -31.6 -31.8 An=3--Na
+
 53.7 53.6 
C 1 543 X An=7+Na
+
 MeOH - - - An=7--Na
+
 - - 
C 1 55 BLMCO MeOH+Na
+
 An=7 - - - MeOH--Na
+
 27.0 26.9 
C 2 499 X En=6 +Na
+
 An=1 - - - 
En=6--Na+ 
- - 
C 2 99 BLMCO An=1+Na
+
 En=6 - - - An=1--Na
+
 33.2 33.2 
C 3 469 Y An=6+Na
+
 En=1 - - - An=6--Na
+
 - - 
C 3 129 BLMCO En=1 +Na
+
 An=6 - - - En=1--Na
+
 40.0 40.0 
C 4 425 X En=5+Na
+
 An=2 - -39.1 -39.1 En=5--Na
+


















































C 4 173 noise An=2+Na
+
 En=5 - 0.0 0.0 An=2--Na
+
 43.3 43.3 
C 5 395 Y An=5+Na
+
 En=2 - -34.5 -34.5 An=5--Na
+
 77.0 76.9 
C 5 203 X En=2 +Na
+
 An=5 - -10.2 -10.2 En=2--Na
+
 52.7 52.6 
C 6 351 X En=4 +Na
+
 An=3 - -30.0 -30.0 En=4--Na
+
 72.6 72.6 
C 6 247 Y An=3+Na
+
 En=4 - -11.0 -11.1 An=3--Na
+
 53.7 53.6 
C 7 321 Y An=4+Na
+
 En=3 - -21.8 -21.9 An=4--Na
+
 68.3 68.3 
C 7 277 X En=3 +Na
+
 An=4 - -19.4 -19.4 En=3--Na
+





- - 649 - n=8+Na
+
 - - - - n=8--Na
+
 - - 
B 1 619 noise An=7+Na
+
+An=1 C2H6 - - - 
An=7—(Na
+
+An=1) - - 
(An=7+Na
+
)--An=1 - - 
B 1 543 Y An=7+Na
+
 An=1 C2H6 - - An=7--Na
+
 - - 
B 1 99 BLMCO An=1+Na
+
 An=7 C2H6 - - An=1--Na
+

















































B 2 619 noise An=6+Na
+
+An=2 C2H6 - - - 
An=6—(Na
+
+An=2) - - 
(An=6+Na
+
)--An=2 - - 
B 2 469 Y An=6+Na
+
 An=2 C2H6 - - An=6--Na
+
 - - 
B 2 173 BLMCO An=2+Na
+
 An=6 C2H6 - - An=2--Na
+
 43.3 43.3 
B 3 619 noise An=5+Na
+
+An=3 C2H6 - - - 
An=5—(Na
+
+An=3) - - 
(An=5+Na
+
)--An=3 - - 
B 3 395 Y An=5+Na
+
 An=3 C2H6 -50.4 -50.5 An=5--Na
+
 77.0 76.9 
B 3 247 Y An=3+Na
+
 An=5 C2H6 -27.1 -27.2 An=3--Na
+
 53.7 53.6 
B 4 619 noise An=4+Na
+
+An=4 C2H6 - - - An=4—(Na
+
+An=4) - - 
B 4 321 Y An=4+Na
+
 An=4 C2H6 -36.7 -36.8 An=4--Na
+
 68.3 68.3 
C 1 617 X An=8+Na
+
 MeOH - - - An=8--Na
+
 - - 
C 1 55 BLMCO MeOH+Na
+
 An=8 - - - MeOH--Na
+
 27.0 26.9 
C 2 573 X  n=7-OH+CH3+Na
+




















































C 2 99 BLMCO An=1+Na
+
 En=7 - - - An=1--Na
+
 33.2 33.2 
C 3 543 Y An=7+Na
+
 En=1 - - - An=7--Na
+
 - - 
C 3 129 BLMCO En=1 +Na
+
 An=7 - - - En=1--Na
+
 40.0 40.0 
C 4 499 X En=6 +Na
+
 An=2 - - - 
En=6--Na+ 
- - 
C 4 173 BLMCO An=2+Na
+
 En=6 - - - An=2--Na
+
 43.3 43.3 
C 5 469 Y An=6+Na
+
 En=2 - - - An=6--Na
+
 - - 
C 5 203 X En=2 +Na
+
 An=6 - - - En=2--Na
+
 52.7 52.6 
C 6 425 X En=5 +Na
+
 An=3 - -28.8 -28.8 En=5--Na
+
 82.4 83.4 
C 6 247 Y An=3+Na
+
 En=5 - 0.0 0.0 An=3--Na
+
 53.7 53.6 
C 7 395 Y An=5+Na
+
 En=3 - -25.9 -25.9 An=5--Na
+
 77.0 76.9 
C 7 277 X En=3 +Na
+
 An=5 - -14.8 -14.8 En=3--Na
+















































 C 8 351 X En=4 +Na
+
 An=4 - -20.4 -20.4 En=4--Na
+
 72.6 72.6 
C 8 321 Y An=4+Na
+
 En=4 - -16.1 -16.1 An=4--Na
+
 68.3 68.3 
aThe three different dissociation mechanisms and are discussed in section 3.2.2.  bThe unique fragmentations 
corresponding to each mechanism are numbered.  cIs the corresponding ion present in the mass spectrum?  Y = yes, it is 
observed with a normalized intensity of at least 1%, X = not observed in the mass spectrum, noise = observed in the 
noise, BLMCO = means the product ion falls below the low mass cut-off and therefore could not be detected, and ? = 
indicates that there is excessive noise in the area so the product ion may or may not be in the noise.  dNot all of the 
structures and energies were able to be optimized due to memory limitations in the CAChe software.  These structures 
are indicated by (-).  eThe calculated energies are relative to the precursor ion; however, when not all of the energies were 




Once the possible product ion structures were considered and their presence or lack-
thereof in the tandem mass spectra noted, the most probable mechanisms for forming 
these product ions from the precursor ion were addressed.  What was immediately 
apparent in Table 4.5 and Table 4.6 was that the product ions which corresponded to 
ether-terminated product ions, which were proposed to form by mechanism C (resulting 
from a 1,3-methyl shift to an oxygen atom or equivalent mechanism; see Figure 3.15 in 
section 3.2.2), were not observed in any of the tandem mass spectra.  The fragment 
numbers highlighted in yellow in Table 4.5 and Table 4.6 corresponded to the two 
possible fragment ions (ether-terminated or acyl-terminated) that would occur as a 
result of the same fragmentation of mechanism C where the ether-terminated structure 
was calculated to have a lower relative energy and a higher adduct dissociation energy 
than the acyl-terminated product ion.  Therefore, it was anticipated that the ether-
terminated structure would be observed in the mass spectrum; however, only the acyl-
terminated product ion was observed.  In the event that the acyl-terminated and ether-
terminated structures formed a complex with the sodium or ammonium ions, their 
complex dissociation energies would reflect the adduct dissociation energies listed in 
the Table 4.5 and Table 4.6 for determining which neutral species would more readily 
be lost.  For example, two possible complexes involving the sodium ion were calculated 
(see Table 4.4):  [An=4+Na+En=1]+ and [An=2+Na+En=3]+.  For the first complex, the 
dissociation energy (corrected for the scaled ZPE) required to lose the ether-terminated 
monomer (En=1) and result in the acyl-terminated tetramer product ion, [An=4+Na]+, 
was calculated to be 8.319 kcal/mol while 35.855 kcal/mol would be required to lose the 
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neutral acyl-terminated tetramer (An=4) species to form the ether-terminated monomer 
product ion, [En=1+Na]+.  The difference in energy is 27.536 kcal/mol which is similar to 
the difference in energies of the sodium adduct dissociation energies for En=1 (39.996 
kcal/mol) and An=4 (68.337 kcal/mol) with a difference of 28.341 kcal/mol.  For this 
complex, the acyl-terminated product ion would be expected to be observed, and it was 
observed in the mass spectra.  For the second complex, the dissociation energy 
(corrected for the scaled ZPE) required to lose En=3 and result in the product ion 
[An=2+Na]+ was calculated to be 35.855 kcal/mol while 13.298 kcal/mol would be 
required to lose the neutral An=2 species to form the product ion [En=3+Na]+.  The 
difference in energy is 22.557 kcal/mol which equivalent to the difference in energies of 
the sodium adduct dissociation energies for En=3 (65.853 kcal/mol) and An=2 (43.296 
kcal/mol), shown in Table 4.4.  For this complex, the ether-terminated product ion would 
be expected to be observed; however, it was not observed in the mass spectra.  In 
addition, those fragments from mechanism C occurring at the terminal peroxide bond 
were highlighted in orange.  These fragments would result in acyl-terminated product 
ions resulting from the loss of methanol.  The acyl-terminated product ions clearly had a 
higher adduct dissociation energies with the ammonium and sodium ions than methanol 
does with those ions; therefore, the acyl-terminated product ions were more likely to be 
observed in the tandem mass spectra.  However, the corresponding acyl-terminated 
product ions were not observed in the spectra.  The lack of ether-terminated product ion 
peaks in the mass spectra and the lack of acyl-terminated product ions that would be 
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formed from the loss of methanol indicated that the observed acyl-terminated product 
ions were not formed by mechanism C.   
 
Ruling out mechanism C (resulting from a 1,3-methyl shift or equivalent mechanism) for 
the formation of the acyl-terminated product ions indicated that these product ions were 
most likely formed by mechanism B (see Figure 3.14 in section 3.2.2).  Mechanism B 
(resulting from the loss of ethane) was originally proposed and confirmed as a possible 
dissociation mechanism for the sodiated oligoperoxides as product ions corresponding 
to a loss of 30 mass units (loss of C2H6) were observed for protonated oligoperoxides, 
and a loss of 36 mass units were observed for deuterated oligoperoxides (loss of C2D6) 
(see section 2.3.1).  An equivalent product ion peak was not observed in the tandem 
mass spectra of the ammonium adducts of the oligoperoxides.  The lack of an 
equivalent peak for the ammonium adducts may have been attributed to the decreased 
adduct dissociation energies of ammonium compared to sodium.  Table 4.4 allowed for 
comparison of the sodium and ammonium complex dissociation energies.  When the 
complex composed of the ion and the acyl-terminated monomer and dimer product ions 
were considered, the dissociation energy (corrected for the scaled ZPE) of the loss of 
the acyl-terminated monomer from the complex was calculated to be 21.305 kcal/mol 
for the complex containing sodium and only 14.405 kcal/mol for the complex containing 
ammonium.  Therefore, it would be more likely for the sodium ion complex to stay intact 
and be detected than the ammonium ion complex, and the sodium ion complex was 
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more likely to be observed in the mass spectrum than the ammonium ion complex.  
When comparing the adduct dissociation energies for the other calculated complexes 
shown in Table 4.4, the ammonium adduct complexes continued to show weaker 
adduct dissociation energies than the sodium adduct complex.  It was therefore 
proposed that the acyl-terminated product ions were formed by mechanism B; however, 
the ammonium ion complexes readily dissociated to individual acyl-terminated adducts 
resulting in a lack of a complex in the ammonium adduct mass spectra.  
 
Since the adduct dissociation energies in Table 4.4 were shown to increase for the 
cyclic open-chained oligoperoxides as the cyclic structure increased; larger open-
chained oligoperoxides with ammonium adducts were analyzed to determine if they 
dissociated like sodiated TATP to result in the loss of ethane.  MS3 studies of the cyclic 
heptamer and pentamer resulted in very weak signal intensities and demonstrated that 
the cyclic structure did not result in a loss of ethane.  The product ions which 
corresponded to protonated cyclic structures were observed, resulting from the loss of 
ammonia, which was previously observed for the ammonium adduct of TATP102.  
Therefore, the dissociation of ammonium by loss of ammonia resulting in a protonated 
species appeared to be a lower energy dissociation pathway than the loss of ethane.   
 
It was interesting to note that for the sodiated open-chained oligoperoxides trimer  with 




+, and its corresponding acyl-
terminated product ion with m/z 173, [HOOC(CH3)2OO(C=O)CH3+Na]
+, appeared in the 
2D-CMS results to be consistent with a mixed dissociation and not a purely consecutive 
dissociation.  This observation was attributed to the fragile nature of the complex, as 
evident by its peak fronting in the tandem mass spectrum.  Therefore, some of the 
complex ions were detected while others dissociated within the time-frame of the 
experiment.  This was consistent with the sample frequency model (see section 
4.1.1.2.2.2).  For the sodiated open-chained oligoperoxides tetramer (see section 
4.1.2.2.3.3), m/z 353, the 2D-CMS results indicated that the complex ion, m/z 323, and 
the acyl-terminated product ions, m/z 247 and m/z 173, resulted from parallel 
dissociation of the precursor ion.  MS3 analysis of the complex indicated that its 
structure was consistent with the first structure shown in Figure 4.57 as the MS3 
analyses produced the product ion m/z 173 and not m/z 247.  It was proposed that the 
second structure in Figure 4.57 was formed as a transient intermediate and readily 
dissociated to m/z 247, which was why m/z 247 was observed to form via parallel 
dissociation of the precursor ion.  However, m/z 173 was also consistent with being 
formed by parallel dissociation of the precursor ion by 2D-CMS; therefore, it was 
proposed that some of the m/z 323 complex corresponding to the first structure in 
Figure 4.57 acted as a transient intermediate and had enough excess energy at the low 
CID energy to further dissociate to the acyl-terminated product ion m/z 173, and this 
dissociation must have occurred at a fast rate to allow for m/z 173 to be detected as a 
primary product ion.  The same transient intermediate concept was proposed for the 
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complex m/z 471 that results from the dissociation of the hexamer open-chained 
oligoperoxide.  Another proposed route for the formation of the acyl-terminated product 
ions directly from the precursor ion would result from mechanism B having occurred by 
a charge-remote cleavage process.  Therefore, depending on the position of the cation, 
a complex may never have been formed following the cleavage, and the acyl-terminated 
product ion would have resulted directly from the precursor ion. 
 
Although MS3 studies demonstrated that the cyclic product ions observed in the tandem 
mass spectra of oligoperoxide ammonium adducts may result from the loss of hydrogen 
peroxide from corresponding precursor ions, 2D-CMS results indicated that the cyclic 
product ions of varying sizes were formed from parallel dissociation of the precursor ion.  
These results were consistent with mechanism A (acid-base rearrangement with 
ammonium and ammonia, see Figure 3.13 in section 3.2.2) for the formation of cyclic 
and smaller open-chained oligoperoxide product ions from the precursor ion which 
involved fragmentation by direct-cleavage.  The inability of the sodium adduct to donate 
a proton may explain why these product ions were only observed in the tandem mass 
spectra of the ammonium adduct oligoperoxides.   
 
It was apparent in Figure 4.31 through Figure 4.33 that the lowest energy dissociation 
pathways for the ammonium oligoperoxides corresponded to mechanism A for the 
smaller oligoperoxides as indicated by their increased presence in the mass spectra 
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compared with acyl-terminated product ions.  The relative energy calculations in Table 
4.5 showed that the cyclic product ions resulted in relatively higher energies than the 
precursor ions while those corresponding to the acyl-terminated products had reduced 
energies.  These results indicated that the activation energies were smaller for 
mechanism A than for mechanism B for the smaller oligoperoxides.  As the size of the 
oligoperoxides increased, the lowest energy dissociation pathways shifted from 
mechanism A to mechanism B, as was evident by the appearance of acyl-terminated 
product ions and the reduction of smaller open-chained and cyclic product ions.  This 
shift in mechanisms may have been due to the increased size of the oligoperoxides 
which would have made cyclization more difficult.  It was noted that for the ammonium 
adducts, the smaller open-chained oligoperoxide which corresponded to one oligomer 
unit less than the precursor ion was rarely observed.  Table 4.5 showed that these 
corresponding products had the lowest relative energy.  It was unclear why these 
product ions were not observed in the tandem mass spectra collected as a result of 
electrospray ionization; however, these product ions were observed when analyzed on 
the GC-MS instrument.   
 
An additional type of product ion observed for the oligoperoxides had a relatively weak 
intensity, and the structures were not modeled using CAChe.  2D-CMS analysis 
indicated that the radical structures resulting from the precursor ions which were 
consistent with smaller open-chained oligoperoxides lacking a proton, defined as 
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structure C in Figure 2.22, resulted from parallel dissociation of the precursor ion.  
These product ions were previously proposed to result from loss of an acetyl radical 
from the acyl-terminated product ions; however, 2D-CMS indicated that they may have 
resulted from cleavage of the C-O bond of the precursor ion.  The calculated bond 
orders were compared for the neutral, sodiated, and ammonium adduct oligoperoxides 
and are shown in Table 4.7.  The bonds with labeled atom numbers were arranged 
corresponding from the H-O bond from one terminal end to the O-H bond at the other 
terminal end.  The numbers were assigned by the CAChe software based on how the 




Table 4.7:  Calculated differences in bond orders for neutral and adduct open-chained 
oligoperoxides (n=3-5) 



























H1-O2 0.069 0.08 H1-O2 0.056 0.055 H1-O2 0.001 0.011 
O2-O3 -0.035 -0.025 O2-O3 -0.044 -0.032 O2-O3 -0.043 -0.045 
O3-C4 -0.163 -0.034 O3-C4 -0.17 -0.122 O3-C4 -0.192 -0.067 
C4-C5 0.044 0.002 C4-C5 0.062 0.04 C4-C5 0.069 0.039 
C4-C6 0.048 0.036 C4-C6 0.036 0.019 C4-C6 0.028 0.024 
C5-H7 -0.011 -0.005 C5-H26 0.005 0.004 C5-H7 0.008 0.005 
C5-H8 0.017 0.023 C5-H27 -0.003 -0.004 C5-H8 -0.015 0.002 
C5-H9 0.002 0.001 C5-H28 0.003 0.001 C5-H9 0.019 0.019 
C6-H10 -0.004 -0.017 C6-H29 -0.016 -0.013 C6-H10 0.007 -0.009 
C6-H11 0.008 0.006 C6-H30 0.01 0.008 C6-H11 0.016 0.015 
C6-H12 0.004 0.01 C6-H31 0.005 0.007 C6-H12 -0.011 -0.004 
C4-O13 -0.046 0.028 C4-O7 -0.04 0.009 C4-O13 0.03 0.061 
O13-O14 -0.033 -0.032 O7-O8 -0.025 -0.015 O13-O14 -0.004 -0.003 
O14-C15 -0.105 -0.161 C15-O8 -0.192 -0.069 O14-C15 -0.08 -0.023 
C15-C16 0.019 0.03 C15-C16 0.063 0.022 C15-C16 0.048 0.041 
C15-C17 0.061 0.038 C15-C17 0.019 0.014 C15-C17 0.044 -0.002 
C16-H18 0.009 0.015 C16-H32 0.02 0.017 C16-H18 -0.002 0.003 
C16-H19 0.008 -0.016 C16-H33 -0.023 -0.006 C16-H19 0.001 -0.014 
C16-H20 -0.005 0 C16-H34 -0.001 -0.004 C16-H20 0.011 0.011 
C17-H21 -0.015 0.003 C17-H35 0.009 -0.013 C17-H21 -0.009 0.009 
C17-H22 0.01 0.006 C17-H36 0.011 0.014 C17-H22 -0.001 -0.003 































   C21-C22 0.028 0.028 C37-C38 0.042 0.028 
   C21-C23 0.041 0.034 C37-C39 0.087 0.059 
   C22-H44 0.012 0.008 C38-H40 0.013 0.019 
   C22-H45 0.012 0.012 C38-H41 0.009 -0.008 
   C22-H46 -0.002 0.015 C38-H42 -0.014 0.003 
   C23-H47 -0.012 -0.02 C39-H43 -0.018 0.003 
   C23-H48 0.006 -0.001 C39-H44 0.016 0.008 
   C23-H49 -0.003 0.009 C39-H45 0.009 0.008 
   O13-C21 -0.015 -0.074 C37-O46 -0.158 -0.105 
   O13-O14 -0.024 -0.054 O46-O47 -0.012 -0.005 
   O14-H24 0.037 0.047 O47-C48 -0.137 0.003 
      C48-C49 0.078 0.065 
      C48-C50 0 0.028 
      C49-H51 -0.011 -0.017 
      C49-H52 0.029 0.028 
      C49-H53 -0.009 0 
      C50-H54 0.011 0 
      C50-H55 -0.005 -0.004 
      C50-H56 -0.006 0.012 
      C48-O57 0.025 -0.055 
      O57-O58 -0.016 -0.047 
      O58-H59 0.012 0.021 
aThe bond order difference corresponds to the difference in the calculated bond orders 
of the adduct and neutral species.    
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The bonds that resulted in the largest change in bond order corresponded to the C-O 
bonds.  Upon adduct formation, the majority of the C-O bond orders decreased, which 
resulted in decreased bond strengths181.  This indicated that these bonds may be 
dissociating which would account for 2D-CMS for the smaller open-chained 





CHAPTER 5 CONCLUSIONS 
 
 
Previously proposed collision induced dissociation mechanisms for the open-chained 
oligoperoxide ammonium and sodium adducts within a quadrupole ion trap were based 
on MSn experiments (see section 2.2.2).  However, the dissociation pathways achieved 
in an MSn experiment, where n>2, are not necessarily those achieved by an MS2 
experiment as was previously demonstrated by the analysis of lithiated β-gentiobiose by 
double resonance (see section 2.2.2).  This dissertation research focused on 
determining the dissociation pathways of the open-chained oligoperoxides in an MS2 
experiment utilizing a quadrupole ion trap instrument in its current configuration without 
instrument modifications.  Breakdown curves were created to determine the dissociation 
mechanisms, where the interpretation of the breakdown curves was aided by the 
application of two-dimensional mass spectrometry (2D-CMS) which is the application of 
two-dimensional correlation spectroscopy applied to mass spectral data (see section 
2.4.2).  The applied perturbations utilized were either the collision induced dissociation 
energy or the amount of time that energy was applied, also known as the excitation 
time.  By utilizing the coherence spectrum, which is defined as the ratio of the 
asynchronous and synchronous spectra, this technique allowed for spectral correlations 
to be calculated while simultaneously removing the differences in amplitudes of the 
product ion peaks, which was a noted limitation in the interpretation of traditional 
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breakdown curves.  The 2D-CMS technique was first validated using kinetic models 
(see section 4.1.1).  Simple kinetic models (see section 4.1.1.1), involving the 
dissociation of a precursor ion to two product ions, were investigated which included 
three different dissociation mechanisms:  parallel, consecutive, and mixed dissociations.  
This was the first time that a mixed dissociation was analyzed by this technique, where 
the mixed dissociation was defined as a combination of both a parallel and a 
consecutive dissociation where one of the product ions was considered to be both 
primary and secondary.  Preliminary studies of the parallel and consecutive 
dissociations gave results consistent with previous work by Chin and Lin which 
demonstrated that the resulting coherence peak of a parallel dissociation results in two 
precursor-product ion peaks of equivalent intensity and a lack of a product-product ion 
peak.  These results were consistent despite changing the rate constants.  For a 
consecutive dissociation, three peaks of unequal intensities were observed in the 
coherence spectrum, and the peak intensities were dependent on the rate constants.  
When a mixed dissociation was analyzed, the resulting coherence spectrum resembled 
the consecutive dissociation coherence spectrum demonstrating a limitation of the 
method; therefore, a different way of analyzing the data was investigated.  An 
expanding window coherence waterfall plot was generated which showed how the 
coherence peak intensities varied as an effect of expanding the window of data used 
from the breakdown curves to generate the coherence spectra (see section 3.1.1.1.1).  
By utilizing the expanding window coherence plot, the consecutive and mixed 
dissociations were distinguished.  Factors that affect the interpretation of the 
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dissociation mechanisms were investigated (see section 4.1.1.1.2).  When random 
noise was added, the peak intensities varied and the results were most prominent for 
the parallel dissociation which resulted in precursor-product ion peaks of similar 
intensities rather than being equivalent and the formation of a weak product-product ion 
peak.  When sampling frequency was investigated, the consecutive and mixed 
dissociations could no longer be differentiated as a result of the perturbation frequency 
being too large.  Larger kinetic models were then analyzed which demonstrated that 
when more than one dissociation pathway was present, the consecutive and mixed 
dissociations could be differentiated based on the coherence peak intensities (see 
section 4.1.1.2).  When a purely consecutive dissociation (or a mixed dissociation that 
resembles a consecutive dissociation) was present, very intense precursor-product ion 
peaks appeared for the secondary product ions.  The remaining product ions that were 
formed from the precursor ion all resulted in similar intensities which were consistent 
with them being formed from a parallel dissociation of the precursor ion.  However, 
these larger kinetic models also introduced a limitation of the method that the 
intermediate ion of a consecutive or mixed dissociation may not necessarily be 
determined.  In addition, fragile ions or ions that undergo consecutive dissociations to 
form product ions that are not detected by the instrument should also not be 
misinterpreted as being the intermediate product ions.  It was noted that by considering 
the structures of the product ions and possible dissociation pathways observed by MS3 
experiments, the number of possible intermediate product ions may be reduced.  
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Despite these limitations, the main dissociation pathways were still apparent using the 
2D-CMS technique.   
 
The 2D-CMS technique was next performed on the analysis of simple molecules within 
a quadrupole ion trap (see section 4.1.2.1).  Analysis of methyl ethyl ketone (MEK) and 
d3-methyl ethyl ketone (d3-MEK), which were known to dissociate by parallel 
dissociation, demonstrated that these simple molecules gave results consistent with the 
parallel dissociation models under the influence of noise as two precursor-product ion 
peaks of similar intensities were observed in the expanding window coherence plot 
along with a lack of a significant product-product ion peak.  Tetraethylsilane (TES) was 
analyzed as it was known to undergo consecutive dissociations, and it produced results 
that were consistent with either a consecutive dissociation where the perturbation 
increment was too large or a mixed dissociation.  The sodiated oligoperoxide trimer was 
also analyzed as it was previously proposed to undergo a mixed dissociation, and the 
results were the same as for TES.  Monolithiated β-gentiobiose was analyzed as 
previous studies utilizing double resonance by Asam and Glish demonstrated that at low 
energies two of the product ions may be formed directly from the precursor ion by a 
parallel dissociation despite MS3 studies which demonstrated that one of the product 
ions could be formed from the other by a consecutive dissociation (see section 2.2.2).  
2D-CMS analysis of lithiated β-gentiobiose demonstrated that at low CID energies the 
product ions were consistent with being formed from a parallel dissociation of the 
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precursor ion, and as the CID energy increased higher dissociation pathways were 
achieved resulting in consecutive dissociations having occurred (see section 4.1.2.2.1).  
This experiment demonstrated that the 2D-CMS technique results could be comparable 
to double resonance; however, it also pointed out a limitation in the method.  In order for 
the CID energy to be reduced to achieve results consistent with a parallel dissociation, 
the excitation time range had to be increased to form a full breakdown curve.  There 
was a limitation in the instrument as to how large the excitation time range may be; in 
addition, extending the excitation time range also increased the likelihood of ion-
molecule reactions.   
 
Finally, 2D-CMS was applied to the analysis of the sodium or ammonium adduct open-
chained oligoperoxides ranging from the trimer to the octamer (see section 4.1.2.2.2).  
Three different experiments were performed for each of the oligoperoxides.  In the first 
two experiments, the CID energy was held constant while the excitation time range was 
varied as the applied perturbation.  In the first experiment, the CID energy was lower 
than for the second experiment.  For the third experiment, the excitation time was held 
constant while the CID energy was varied as the applied perturbation.  As previously 
reported, collision induced dissociation of the smaller open-chained oligoperoxide 
ammonium adducts resulted primarily in cyclic and smaller open-chained oligoperoxide 
product ions (see section 4.1.2.2.3).  As the oligoperoxide precursor ion size increased, 
these product ions became less abundant and acyl-terminated product ions were 
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observed.  For the sodiated oligoperoxides, the acyl-terminated product ions were the 
most abundant, and product ions corresponding to smaller open-chained oligoperoxides 
lacking a proton were observed at a weak abundance (see section 2.3.1).  In addition, 
complexes resulting from the loss of ethane to form two acyl-terminated products 
forming a complex with the sodium ion were also observed.  For the first experiment, 
the majority of the product ions were consistent with being formed directly from the 
precursor ion by a parallel dissociation.  This was especially significant for the cyclic 
product ions resulting from the ammonium adduct open-chained oligoperoxides, as it 
demonstrated that smaller cyclic product ions could be formed from larger precursor 
ions as the previous dissociation mechanisms based on MSn experiments, where n>2, 
demonstrated that the cyclic product ions could be formed by a loss of hydrogen 
peroxide from their corresponding open-chained oligoperoxide precursor ions.  As the 
average internal energy of the precursor ions was increased in the second and third 
experiments, higher dissociation energy pathways appeared to be achieved.  These 
resulted in expanding window coherence plots where the precursor-product ion peaks 
were no longer equivalent as some of the product ions underwent subsequent 
dissociations.  In addition, some significantly more intense peaks were observed in the 
expanding window coherence plots which were consistent with diacyl-terminated 
product ions.  These product ions were confirmed by MS3 experiments to result from 
subsequent dissociations of the acyl-terminated product ions.  These results 
demonstrated that different dissociation pathways could be achieved and their main 
dissociation pathways determined using the 2D-CMS technique.  As previously 
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discussed, the exact dissociation pathways were not necessarily apparent, but MS3 
studies narrowed down the number of possible dissociation pathways.   
 
Based on the results of the 2D-CMS analysis, three different dissociation pathways 
were proposed for the open-chained oligoperoxides dissociating by collision induced 
dissociation within the quadrupole ion trap (see section 3.2.2).  The structures of the 
precursor ions and the product ions that would result from these three dissociation 
mechanisms were modeled using computational chemistry.  Their stable structures, 
relative energies, and adduct dissociation energies were calculated.  These energies 
were corrected by the zero-point energy and a scaling factor (see section 4.2.1).  Due to 
a limitation in the software, structure optimization was only possible for product ions 
smaller than the hexamer.  The first dissociation mechanisms, A, was proposed to occur 
for the ammonium adducts.  In this mechanism, the ammonium ion acted as an acid to 
protonate the open-chained oligoperoxide along its backbone, which resulted in a 
charge-direct cleavage.  The ammonium ion was then regenerated as cyclization of the 
precursor ion occurred.  This resulted in two structures, either a cyclic or a smaller 
open-chained oligoperoxide.  Observation of either in the mass spectrum was 
dependent on which adduct was formed with the ammonium ion.  This mechanism 
accounted for the formation of various sizes of cyclic and smaller open-chained 
oligoperoxide product ions being formed from the precursor ion.  The second and third 
dissociation mechanisms, B and C, were proposed to occur for either the ammonium or 
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sodium adducts and to result in acyl-terminated product ions by a charge-remote 
cleavage.  The third dissociation mechanism, C, was based on a previously proposed 
dissociation mechanism involving a 1,3-methyl shift to an oxygen atom (which was also 
consistent with an acid-catalyzed rearrangement of organic peroxides, see section 
2.3.2).  In this mechanism, an acyl-terminated structure and an ether-terminated 
structure were formed, where again observation of either in the mass spectrum would 
be dependent on which adduct was formed with the cation.  Depending on the 
structures produced from the unique fragmentation pathways, either the acyl-terminated 
or ether-terminated product ions were calculated to be more likely to be observed in the 
mass spectrum as a result of their relative energies and their adduct dissociation 
energies; however, only acyl-terminated product ions were observed in the mass 
spectra.  This led to the conclusion that mechanism C was unlikely to have occurred for 
the open-chained oligoperoxides analyzed for the 2D-CMS experiments.  Therefore, the 
source of the acyl-terminated product ions was attributed to mechanism B.  This 
mechanism resulted in cleavage of the O-O bond and the loss of ethane to form two 
acyl-terminated products.  This mechanism was previously determined to occur for the 
sodiated oligoperoxides as mass spectral peaks were observed which corresponded to 
a complex that results from the loss of ethane which resulted in two acyl-terminated 
structures forming a complex with the sodium ion.  These complexes were previously 
confirmed by deuterated studies.  However, mass spectral peaks corresponding to 
these complexes were never observed in the ammonium adduct spectra.  When the 
dissociation energies of the complexes were calculated using computational chemistry, 
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it was demonstrated that the sodium ion formed a stronger complex than the ammonium 
ion.  Therefore, it was proposed that the ammonium ion complex readily dissociated 
which may explain why these complexes were not observed in the mass spectra.  In 
addition, since mechanism B was proposed to result from charge-direct cleavages, it 
was also noted that the complex may not have been formed, which would have 
accounted for the 2D-CMS results which indicated that many of the acyl-terminated and 
complex product ions resulted from parallel dissociation of the precursor ions.  Finally, 
an additional type of product ion was observed which corresponded to smaller open-
chained oligoperoxides lacking a proton.  Previous dissociation mechanisms based on 
MSn studies proposed that these product ions resulted from loss of an acetyl group from 
the acyl-terminated product ions; however, 2D-CMS results indicated that these product 
ions were formed directly from the precursor ions.  Comparisons of the calculated bond 
orders for the neutral and adduct species demonstrated that the bond orders decreased 
the most for the carbon-oxygen bonds, which indicated these bonds were more readily 
broken and accounted for formation of the additional product ions directly from the 
precursor ion. 
 
In summary, 2D-CMS was demonstrated to be a useful method for ascertaining the 
main dissociation pathways of precursor ions which have undergone collision induced 
dissociation within a quadrupole ion trap.  The 2D-CMS technique was advantageous in 
that it allowed for calculated correlations while simultaneously removing the differences 
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in amplitudes, which was a noted limitation of the interpretation of traditional breakdown 
curves.  While this method was limited in determining the exact dissociation 
mechanisms, MS3 studies may aid in reducing the number of possible dissociation 
pathways.  The 2D-CMS technique involved straight forward mathematics and did not 
require instrument modifications.  When multiple scan events were used for mass 
spectral experiments, little sample was required; however, instrumental parameters 
such as the available excitation time range and the low mass cut-off value should be 
considered.  Analysis of the oligoperoxides by two different collision induced 
dissociation energies allowed for multiple dissociation pathways to be determined 
including the lowest energy parallel dissociations and higher energy consecutive and 
mixed dissociations.  By combining experimental mass spectral data with 2D-CMS 
analysis and computational chemistry, probable dissociation pathways were determined 
for the collision induced dissociation of open-chained oligoperoxides which were formed 





CHAPTER 6 FUTURE RESEARCH 
 
In the future, further studies on the oligoperoxides may be performed.  The 
oligoperoxides may be studied using different adducts (i.e. lithium and potassium).  In 
addition, determination of the kinetic rate constants for the dissociations of the 
oligoperoxides may be determined using a double resonance experiment with 
appropriately modified instrumentation.  Higher energy pathways may be identified by 
analyzing the samples in a triple quadrupole instrument which imparts a greater amount 
of energy into the molecule as compared to the quadrupole ion trap experiments.   
 
The 2D-CMS technique may also be applied to the analysis of other molecules, such as 
peptides, where determining dissociation mechanisms may aid in the elucidation of the 
peptide structures.   The 2D-CMS technique is not recommended for the analysis of 
molecules which undergo extensive consecutive dissociations, as determination of the 
intermediate product ions was a noted limitation of the method; however, the 2D-CMS 
excels at determining product ions that are formed primarily from a parallel dissociation 
of the precursor ion which may be useful for structure elucidation.  With the new 
understanding of mixed dissociations ascertained through 2D-COS analysis utilizing the 
coherence spectra, additional dissociation pathways may be investigated utilizing other 
analytical techniques.   
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APPENDIX A:  2D-CMS MATLAB CODE INCLUDING GENERATION OF 




%%  Calculating and generating an expanding window coherence plot 
%  Import the raw data matrix (containing header row and column) and  
%  determine the matrix size.  Original raw  
Data = csvread('A.csv', 1, 1); 
DataFull = csvread('A.csv'); 
pertmax = size (Data,1); 
mz = size (Data,2);  
CoherencePeaks = (((mz^2)-mz)/2); 
CoherenceIntensities = zeros(pertmax+1, 2+CoherencePeaks); 
CoherenceIntensitiesRowIndex = 3; 
for pert = 2:pertmax; 
  % Calculate the Synchronous Plot 
  Syn = (1/(pert-1))*((Data(1:pert,:)'*Data(1:pert,:))); 
  HilbertNoda = zeros(pert); 
  for HilbertNodaRowIndex = 1:pert; 
   for HilbertNodaColumnIndex = 1:pert; 
    HilbertNoda(HilbertNodaRowIndex,HilbertNodaColumnIndex) = 
1/(pi*(HilbertNodaColumnIndex-HilbertNodaRowIndex)); 
      if HilbertNodaRowIndex == HilbertNodaColumnIndex 
       HilbertNoda(HilbertNodaRowIndex,HilbertNodaColumnIndex) = 0; 
      end 
   end 
  end 
  % Calculate the Asynchronous Plot 
  Asyn = (1/(pert-1))*(Data(1:pert,:)'*(HilbertNoda*Data(1:pert,:))); 
  Coherence = zeros(mz); 
  for i = 1:mz 
   for j = 1:mz 
    if Syn(i,j) == 0 
      Coherence(i,j) = 0; 
    else 
      Coherence(i,j) = Asyn(i,j)./Syn(i,j); 
    end 
   end 
  end 
  % Generate table of coherence values for expanding window calculations 
  CoherenceIntensities(CoherenceIntensitiesRowIndex, 1) = 1; 
  CoherenceIntensities(CoherenceIntensitiesRowIndex, 2) = pert; 
  Counter = 3; 
  for k = mz:-1:2 
   for l = 1:k-1 
    CoherenceIntensities(CoherenceIntensitiesRowIndex,Counter) = 
Coherence(k,l); 
    CoherenceIntensities(1,Counter) = DataFull(1,k+1); 
    CoherenceIntensities(2,Counter) = DataFull(1,l+1); 
    Counter = Counter + 1; 
    end 
  end 














Figure A.1:  n=1 
 
 








Figure A.4:  n=2 
 










Figure A.7:  n=3 
 
 




















Figure A.13:  n=5 
 














Figure A.16:  Cn=1 (cyclic) 
 




Figure A.18:  Cn=1 (ester) 
 







Figure A.20:  Cn=2 
 
 
Figure A.21:  A n=2+NH4
+
 and a rotated 
image 
 
Figure A.22:  Cn=3 
 
Figure A.23:  A n=3+NH4
+





Figure A.24:  Cn=4 
 
Figure A.25:  Cn=4+NH4
+
 and a rotated image 
 
Figure A.26:  Cn=5 
 
Figure A.27:  Cn=5+NH4
+
 and a rotated image 
 








Figure A .29:  An=1 
 
 








Figure A.32:  An=2 
 










Figure A.35:  An=3 
 
 




















Figure A.41:  An=5 
 















Figure A.44:  En=1 
 
 




















Figure A.50:  En=3 
 
 




















Figure A.56:  En=5 
 
































































Figure A.69:  C2H6 
 
 
Figure A.70:  MeOH 
 








Figure A.73:  H2O2 
 






































Permission for Figure 2.5:  Schematic of Finnigan Corporation LCQ™ ESI-QIT-MS, 
Figure 2.6:  Schematic diagram for a cross-sectional view of a quadrupole ion trap, and 










Permission for Figure 2.9:  Relationship between internal energy distributions and 







Permission for Table 2.1:  Adduct dissociation energies (kcal/mol) calculated at the DFT 
B88LYP level with the DZVP basis set, Figure 2.17:  Proposed collision induced 
dissociation pathway for the sodiated trimer, [H(OOC(CH3)2)3OOH+Na]
+, Figure 2.18:  
Tandem mass spectrum from the precursor ion m/z 575, the sodiated heptamer 
[H(OOC(CH3)2)7OOH+Na]
+, Figure 2.19:  Proposed collision induced dissociation 
mechanism for the sodiated oligoperoxides demonstrated with the heptamer, 
[H(OOC(CH3)2)7OOH+Na]
+, Figure 2.21:  Tandem mass spectrum of the ammonium 
adduct tetramer oligoperoxide precursor ion, with m/z 348 [H(OOC(CH3)2)4OOH+NH4]
+, 
and Figure 2.22:  Proposed collision induced dissociation mechanism for the tetramer 
oligoperoxide ammonium adduct [H(OOC(CH3)2)4OOH+NH4]

































Permission for Figure 3.12:  Fragmentation of monolithiated gentiobiose by (a) cleavage 
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